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ABSTRACT

The goal of the research program described herein was to apply atomistic thermodynamic theory,
Monte Carlo simulation, and experimental analysis to elucidate the identity of point defects as well as to
understand their static and dynamic properties. Significant progress has been made in the following eight
areas:

L H as a Removable Compensator in GaN and Other Semiconductors

II. Thermodynamic Analysis of Semiconductor Band Offsets

III. Monte Carlo Simulations of Atomic Diffusion and Interactions

IV. Controlled Experiments to Study Transition Metal Diffusion and to Map Vacancy

Concentrations at a Fixed Time

V.  Studies of Electroluminescent Flat-Panel Display Devices

VI. Defect Characterization

VII. Atomistic Thermodynamic Theory and Applications
A summary of this work is as follows, while a detailed discussion is available in the publications enclosed

with this report.
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I. H as a Removable Compensator in GaN and Other Semiconductors

1. J.A. Van Vechten, "A Simple Man’s View of the Passivation of Semiconductors," Solid State
Electronics 33, 39 (1990).

2. J.A. Van Vechten, J.D. Zook, R.D. Horning, and B. Goldenberg, "Defeating Compensation
in Wide Gap Semiconductors by Growing in H that is Removed by Low Temperature
De-Ionizing Radiation, " Jpn. J. Appl. Phys. in press (1992).

The perhaps most relevant insight from the investigations made under this grant occurred towards
its end. It was done in collaboration with Barbara Goldenberg, Robert D. Horning and J. David Zook
of Honeywell Sensors and Systems Development Center, Bloomington, Minnesota. It was presented at
the Wide Bandgap Nitrides Workshop held by the Office of Naval Research (Max Yoder) and the
University of Illinois (Hadis Morkoc) in St. Louis, Missouri, on 13 April 1992. A six page summary
of that presentation was distributed at that workshop. The workshop was attended by Prof. I. Akasaki
of Tskuba University (Japan) and Dr. S. Nakamura of Nichia Chemical Industries, Tokushima, Japan,
who had published the first reports of successful production of highly p-type GaN, which called our
attention to the question how it may be possible to defeat the tendency of widegap semiconductors to self
compensate. It is clear that the groups of Akasaki and of Nakamura have done a remarkable job of this
in the case of GaN, which has been attempted by many groups around the world for more than 25 years.
Neither Akasaki nor Nakamura have published an explanation why their method, which has not been fully
disclosed, should have succeeded where so many others have failed. JAVV presented a general
prescription how the tendency of crystals to compensate dopants during processing could be defeated by
deliberately close compensating with H ions (H+ to make p-type or H- to make n-type) during growth
at low temperatures (e.g., by OMCVD), so that the system would not have the normal thermodynamic
driving force to compensate shallow acceptors or shallow donors with native defects or with unwanted
impurities, and then removing the H ions by low temperature, low energy processes when high

temperature processing has been completed. Thus, the shallow dopants are incorporated into unusually

high quality crystal (because many fewer antisite defects, interstitials and vacancies were grown in due




to the removal of compensation as a motivation for their formation) and are uncompensated once the H
ions have been removed. This method also increases the solubility of the shallow dopants in the host
crystal. We asserted that this is a very generally method that can improve conductivity of either type in
any semiconductor and that Akasaki and Nakamura had produced their p+ GaN by practicing our general
prescription for that specific case.

The St. Louis presentation provoked a strong response especially from Dr. Nakamura, who
disclosed that he has submitted more information and explanation for publication in the Japanese Journal
of Applied Physics. It seems that this information is in complete accord with our theory and prescription
and tkat Dr. Nakamura had independently formed a similar theory, but had not realized how broad the
implications are. It was also evident that few of the other attendees of the workshop had considered the
role of the H which is generally present in state-of-the-art crystal growth processes. Our collaborators
at Honeywell SSDC grew two samples of GaN, one doped with donors and the other with acceptors, by
OMCVD using NH3, which cracks on the sample surface to supply atomic H. As grown, the samples
were weakly n-type and semi-insulating respectively. A simple heat treatment was then used to drive out
the incorporated H- or H+ ions. This converted the n-sample to n+ and the semi-insulating sample to
p-type, 3 x E17 with a mobility of 7, which is within an orde: of magnitude of the best material reported
by the Japanese. We feel this recent result confirms our theory for the removable H compensator
method.

After considerable discussion of the issues of patents and trade secretes with the Honeywell group
and their management, we decided to take purely defensive but strong position. Thus, we presented this
insight at the St. Louis workshop and submitted the 6 page summary for publication as a "Short Note"
in the Japanese Journal of Applied Physics, where Dr. Nakamura’s manuscripts, and perhaps others, are
being reviewed and prepared for publication. We feel that by acknowledging receipt of our manuscript
JJAP acknowledges that the broad concept is now published in Japan. From now on attempts to patent

processes such as Akasaki and Nakamura have developed can be attacked as obvious in view of our




publication. Honeywell and other U.S. manufactures shouid have freedom of action to use the general
method without paying royalties.

At this writing, we are preparing to pursue the subject further at the Materials Research Society
Meeting in San Francisco (27 April 1992) where several Japanese repoits on the role of H in high
conductivity semiconductors are to be presented. We will also prepare a manuscript with a detailed and
quantitative discussion of the issue for publication in a U.S. journal. A copy of the St. Louis summary

is attached.

II. Thermodynamic Analysis of Semiconductor Band Offsets

1. J.A. Van Vechten and K. J. Malloy, "The Temperature Dependence of Band Offsets for
Semiconductor Heterojunctions in General and for the Particular Cases of AlAs-GaAs and
HgTe-CdTe," J. Phys.: Condens. Matter 2, 281 (1990).

2. J.A. Van Vechten, "Atomic Diffusion with Strain and Injection,” Mat. Res. Soc. Symp. Proc.
184, 165 (1990).

3. K.J. Malloy and J.A. Van Vechten, "Thermal Expansion Contributions to Band-Gap and
Band Offset Temperature Dependences," J. Vac. Sci. Technol. B 9, 2212 (1991).

The dramatic advance in semiconductor heterojunction technology has created a motivation to
understand the magnitudes of the valence band offset and the conduction band offset at any particular
heterojunction and their variations with temperature and with strain. There have been several rather
involved electronic structure calculation treatments of these questions and these leave much controversy
in the interpretation of a very large body of experimental reports. The controversy was particularly
severe for the cases of AlAs/GaAs and CdTe/HgTe.

We have applied a thermodynamic approach to the band offset problem which makes use of
rigorous thermodynamic definitions of the electron affinity, work function, and valence band ionization
potential. When discussed in terms of these thermodynamic potentials, it is clear that conduction band
minimum and the valence band maximum are bulk thermodynamic electro-chemical potentials. Thus,

the quantities defined in this way must be orientation dependent and transitive from one junction to

another. This permits a great simplification of the general problem and particularly of the questions of




temperature and pressure variation. However, care must be taken in the analysis of experimental data
because many works do not treat their data as thermodynamic data. The use of this approach is often
called the use of the "Anderson model”; it is controversial because not everyone agrees to use the
thermodynamic approach, nor understands how.

Kevin J. Malloy, now at U. New Mexico, and JAVV have shown how to use this approach to
resolve the experimental controversy re the band off-sets in AlAs/GaAs and in CdTe/HgTe in particular,
as well as to treat the general problem. They have also treated the strain problem and the contributions
of thermal expansion to band-gap and band-off sets. The latter is relevant to the development of, e.g.,
the self-electrooptic-effect detector, SEED, for implementation of "neural network" devices, where
variations of optical emission and absorption peaks with unpredictable temperature fluctuation induced
the operation of the device is a major problem. One may hope to resolve this problem by engineering
a package with materials having different coefficients of thermal expansion so as to produce stresses that
buck-out the pure thermal variations. It is also relevant to the issue diffusion of charged species near a

heterojunction.

III. Monte Carlo Simulations of Atomic Diffusion and Interactions

Using the VIDSIM vacancy and interstitial diffusion simulator developed early in this grant, we
have done direct, atom level, Monte Carlo simulations of four diffusion problems with realistic boundary
conditions and various initial conditions. These are: i) the first and second neighbor hopping diffusion
of vacancies in GaAs and AlGaAs heterostructures and alloys; ii) the "kick-out” mechanism for a
interstitial impurity, especially a transition metal, diffusing into an originally perfect semiconductor (e.g.,
Si or GaAs); iii) the "Frank-Turnbull” mechanism for the same process as ii) above; and iv) diffusion
of a native defect, e.g., a vacancy, from a surface with an annihilating boundary condition, e.g., a tree
surface, into an initially perfect crystal with a marker layer of either host or impurity atoms at various

depths. Several tens of billions of atomic events in crystals typically containing 6.4E8 lattice sites have




now been simulated by running VIDSIM on up to 28 microcomputers when these machines would
otherwise be idle. (Thus, at no cost.)

i) found that the rate of Al diffusion across an AlAs/GaAs heterostructure into GaAs should depend
not only on doping level but also on the choice of dopant. This is because both Al and the dopant atoms
interact with the hopping vacancies so that the hops of these atoms are not uncorrelated events. When
the dopant atom is light, easy to move and easily placed on either sublattice, e.g., Si in GaAs, then it
tends to migrate with the Al and the two attract a cluster of vacancies. When the dopant is heavy, hard
to move and much more willing to sit on one sublattice than the other, e.g., Te in GaAs, Then the Al
tends to leave the Te behind and many f>wer vacancy clusters are formed. We deduced that Te doping
should produce an Al diffusivity proportional to n**1 exp( -2.9 eV/kT) while Si doping should produce
a diffusivity proportional to n**3 exp(-4 eV/kT), where n = ND - NA is the doping density, about the
same time that P. Mei et al. published the first experimental report of this effect (Appl. Phys. Lett. 53,
2650 (1988)).

ii) For the last dozen years or so, several groups around the world have sought to explain the
distribution profiles of substitutional transition and noble metal impurities obtained in semiconductors
by diffusion. These profiles differ from those obtained for shallow dopant impurities, which further to
the right in the Periodic Table. The transition and noble metals spread much deeper much more rapidly
and are often found to produce an almost symmetric, two sided profile, which is called "U shaped” or
"Bath Tub shaped”, from a one sided source. The case that has been most discussed in the literature is
that of Au diffusing into Si, but Cu, Ni, Pt, and Pd diffusion into Si and all these diffusing into Ge and
GaAs have also been reported and remarked upon. In the case of GaAs, the two sided profile from a one
sided source feature has not been reported but the observed near side profile is more like that for Si or
Ge than is the profile for a shallow dopant impurity diffusing into GaAs.

The original interpretation of these profiles is that diffusion is occurring with the "Frank-Turnbull

mechanism”, abbreviated FT. It was assumed that the transition or noble metal, M, diffuses as an




interstitial but occupies substitutional sites when it encounters a vacancy, V. It was suggested that the
bath tub shaped profile resulted from a one-sided source because V’s diffused slowly from both sides of
the sample, which originally was perfect, while M diffused so rapidly from one side a bulk equilibrium
value for the M interstitial, M;, was soon established in the cases of Si and Ge. For GaAs, it was
assumed that there were so many sinks for the M; in the bulk of the sample (dislocations or perhaps V’s)
that the M; did not get to the far side.

The FT model was challenged by Dr. A. Seeger (MPI Stuttgart) and his students, particularly U.
Goesele, who claim it cannot account fit the time variation of the substitutional concentration, [M], in
the flat central region of the bath tub profile nor fit the details of the shoulders on the two sides. They
asserted that instead a "kick out mechanism”, KO, must be dominant. They asserted that M;’s ditfuse
rapidly into initially perfect crystal and, at least for the case of Si, soon establishes a unitorm
concentration at the bulk equilibrium value. They postulated that the M;’s "kick" the host atoms out of
their substitutional sites to produce the substitutional M impurities and host interstitials. They neglected
any effect of vacancies and assumed that the host interstitials either annihilate at the free surface of the
sample or at dislocations if any are present or they recapture the lattice site from the M substitutionals.
Thus, they assert that the rise of [M] is governed by the out diffusion of the host interstitials rather than
by the in diffusion of vacancies, as assumed in the FT model; both groups assumed that the sample was
initially perfect, i.e., had no vacancies and no self interstitials.

Our direct Monte Carlo simulation of both the FT and the KO models, as originally proposed,
found that in fact neither of them resemble the reported data that they were supposed to fit. We have
been able to establish why the discrepancies exist.

In the case of the KO model, there is a fundamental inconsistency between the assumption that the
M, concentration, [M;], is uniform throughout the sample very shortly after the onset of the diffusion and
assumption that the M.’s can displace host atoms at a significant rate. We found, and in retrospect it

seems quite obvious, that if M; can displace host atoms and if M;’s diffuse into a region where initially




[M] = 0, then [M;] will decay into that region. The exact behavior of [M;] and [M] with time depend
upon the boundary condition assumed at the far side of the sample and on the ratio of the mean diffusion
path of the M, before it displaces a host atom. We tried the simulation with both the assumption that the
M, are annihilated at the far surface (as would occur if they evaporated from there) and the assumption
that they are reflected back into the sample from the far surface (as might occur if an alloy of M with
the host forms are the far side). We also tried a range of from 1.0

to 20 for the ratio of the sample thickness to the mean diffusion distance before a displacement.
In all cases for the one sided source, both [M] and [M;] decreased monotonically from the source side
to the far side for the duration of net diffusion, i.e., until [M] saturated. Saturation occurred first at the
source side and spread monotonically across the sample. See Schmid et al. Mater. Res. Soc. Symp. Proc.
163, 609 (1990) and Van Vechten et al. J. Electron. Mater. 20, 431 (1991).

We also found that for two sided sources, the KO model with an initially pertect sample does not
give the [M] profile claimed by it advocates. Again the reason is that, contrary to their assumption the
[M;] profile is not flat from very early times onward.

iii) We also did extensive simulation of the FT model under the assumptions that the sample is
initially perfect and that any vacancy or M; that crosses out of the sample through either free surface is
annihilated. The latter corresponds to the widely held opinion that the free surface is "an ideal source
and sink" for all native point defects. (We will return to this ill founded opinion later.) For the case of
a one side source, contrary to the assertions made by its advocates, our simulation shows that this model
does not produce a symmetric U shaped profile. It does produce a shoulder on the source side, a rather
tlat minimum through the center, and a broad plateau on the far side, but with a dip toward the far
surface. Again, the reason for this result is obvious in retrospective. Although the

concentration of vacancies, [V], has a shoulder with a maximum at the far surface, similar to that
at the near surface, the M, live only a short time in the near surface region before they annihilate. Thus,

the M:.’s have little chance to find a V near the far surface under the assumption that the source is one




sided. Deeper into the far surface, [V] is lower but the M;’s live much longer so they are more likely
to form a substitutional. The balance between the decreasing [V] and increasing life expectancy for the
M, with increasing depth from the far side produces a plateau between the central region, where [V] is
almost zero so there are very few M substitutionals, and the near-far-surface layer that has no M
substitutionals.

We also found that this FT model with the assumntion that the sample is initially perfect does not
produce the "square root of time" variation for [M] in the middle of the sample that several groups have
reported.

Thus, we demonstrated with our direct Monte Carlo simulation that neither of the two commonly
advocated mechanisms for transition metal diffusion into semiconductors (the KO and the FT with the
assumptions described above) can in fact account for the data commonly reported in the literature. As
described in the next section, we have established with experiments on Si that the resolution of the
question of the mechanism of transition metal diffusion into Si flows from the realization of the facts that:

1)  The surfaces of typical samples are not ideal sources and sinks for native point defects

when undisturbed;

2)  The actual rates of diffusion of these metals into the semiconductors is very sensitive
to the actual condition of the surfaces of the sample, i.e., to the density of kink sites
on the surfaces;

3) The "U shaped" data typically reported in the prior literature is obtained only when
there is such a large excess of metal on the source side surface that an alloy layer
forms also on the far side surface;

4)  Even for Si, the samples are not initially perfect. Indeed, they contain the residue of

the vacancies that were grown into the boule that the 1685 K growth temperature
because iney have no chance to diffuse out of any but the near surface region during

water processing. According to our best estimate, and also that of researchers at




Philips and SEH, about 8E17 vacancies per cc are trapped into about 2E9 voids per
cc of typical diameter 200 nm, which are called D defects and are easily observed after
decoration with Cu, Li, Na, etc. by x-ray tomography, or without decoration but with
much difficulty by electron microscopy.

5)  The shape of the profile of substitutional M upon diffusion into Si or other semi-

conductors is qualitatively different if the M-host alloy melts on the source side
surface, and also where M has decorated the D defects, than if these alloys are solid.
The temperature at which these alloys melt varies with the choice of metal (and host).
What has been claimed to be a transition from diffusion dominated by the FT
mechanism at low T to diffusion dominated by the KO mechanism at high T is simply
the transition from having the alloy solid to having it molten.

6)  When account is taken of the effect of the voids initially present the sample, the FT
mechanism predicts the same "U shaped” profile as has been ascribed to the KO model
under the conditions that this profile is in fact obtained. See R.K. Graupner et al.
PCSI-19 and MRS Proc. 4/92 in press.

iv) When we assume that the free surface of the sample is an ideal source and sink for native
defects, i.e., that they are created there at random sites at random intervals with an average rate that
depends only upon temperature and that they are annihilated if they diffuse back out through the surface,
we find that, whatever other assumptions are made, our simulation gives us a dip to zero for the
concentrations of any of the native defects at any free surface. This should have been obvious as a
consequence of the facts that these concentrations must be zero one step beyond the surface and that the
diffusion equation implies continuity in the concentrations of the diffusing species. However, the
literature of the field is full of paper that assert as an initial condition that the defect concentrations at

the free surfaces are equal to the bulk equilibrium value for the ambient temperature.
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The source of this misconception in the literature is the classic treatments of diffusion for the cases
of Brownian motion and of coagulation by Einstein and by Chandrasekhar. They used conservative
boundary conditions, i.e., no diffusers were created and none were destroyed; if the diffuser stepped out
through the surface of the sample under consideration, it has a high probability to step back in the near
future. In the case of transition metals diffusing into a semiconductor, if the defect passes out the free
surface, then it is gone and another will be created only after the random creation interval and then it will
appear at a random site not likely to be close to where the previous defect was annihilated. Einstein and
Chandrasekhar derived the error function complement formulae that are quoted in many text books. [t
is unfortunate that so many workers have assumed these formulae for semiconductor diffusion problems
without examining their applicability. We all know that if you change the boundary conditions, you
change the solution to a differential equation.

We have determined that there is no closed form, analytic expression to describe the diffusion
profile of a point defect from a free surface with annihilating boundary conditions into an initially perfect
sample. Therefore, we have used our VIDSIM simulation program to generate directly the statistics that
describe such a profile and compare and contrast them to the Einstein-Chandrasekhar, EC, result tor the
conservative boundary condition. We have generated about 15 billion events worth of statistics for this
fundamental study. We have found some results which we regard as striking. These include: i) the
mean square penetration depth increases linearly with time, as in the EC case, but the EC value Dt
(where D is the diffusivity and t the time of diffusion) is multiplied by a constant tactor that is close to
2/3; ii) far from the surface (where there is the dip mentioned above) the protile can be fitted very well
to the error function complement formula that EC obtained if Dt is again multiplied by a consiant factor

that does not seem to vary with t. See Zhang et. al.

11




IV. Controlled Experiments to Study Transition Metal Diffusion and to Map
Vacancy Concentrations at a Fixed Time

1. J.A. Van Vechten and U. Schmid, "Vacancy First and Second Neighbor Hopping at a Compound
Semiconductor Interface: Insights from Computer Simulation," J. Vac. Sci. Technol. B 7, 827
(1989).

2. U. Schmid, J.A. Van Vechten, N.C. Myers, and U. Koch, "Failure of the "Kick-Out" Model ror
the Diffusion of Au into Si when tested by Monte Carlo Simulation," Mater. Res. Soc. Symp. Proc.
163, 609 (1990).

3. J.A. Van Vechten, U. Schmid, and Zhang Q.-S., "Surface Treatment Effects on Atomic Diffusion
in Si Explained without Self-Interstitials," J. Electron. Mater. 20, 431 (1991).

4. R.K. Graupner, J.A. Van Vechten, and P. Harwcod, "Characterization of Point Defect Generation
at Silicon Surfaces using Gold Diffusion," Proceedings of PCSI-19 1/92 to be published in J. Vac
Sci. Technol. B July/August 1992.

5. R.K. Graupner, J.A. Van Vechten, P. Harwood, and T.K. Monson, "The Effect of Vacancies
Grown into Silicon on Gold Diffusion,” Proceeding of the Materials Research Society Symposium
4/92, to be published 1992.

6. Zhang Q.-S., Zhao P., and J.A. Van Vechten, "Consequences of an Annihilating Boundary
Condition on Point Defect Diffusion into an Initially Perfect Sample,” APS March Meeting 92 and
to be published.

We determined that, in order to understand how the commonly reported "U shaped” or "bath tub”
profiles for transition metals diffusing from one side into semiconductors (particularly Si) could occur
when neither the KO nor the FT model for diffusion into a initially perfect sample from one side produces
this result, we needed to do some diffusion experiments of our own in collaboration with state-of-the-art
producer of the relevant materials. (We formed a collaboration with Komatsu Si USA and Wacker
Siltronic, both of Portland, Oregon. SEH America of Vancouver, Washington, has now joined this
collaboration.) At the same time we realized that the fact that the transition metals diffuse so rapidly and
that they primarily occupy substitutional lattice sites, could allow us to map out the vacancy
concentrations in the sample at an arbitrary fixed time in an annealing sequence.

The previous diffusion experiments reported ir the literature all involved depositing a layer of the
metal on the surface prior to the diffusion annealing. They also all performed the diffusion either in a
diffusion furnace with flowing gases or in a (partially) evacuated amphule; in either case there is at least

1 torr of oxygen, O, present.
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We arranged to do the diffusion in an ultra-high vacuum chamber where we could either have hard
vacuum or controlled amounts of O or other gases present. We further provided that the metal to be
diffused would be deposited in precisely measure quantities onto the sample at any time before or after
it had reached diffusion temperature. Because the M; diffuse so rapidly, we found that 5 minutes is
sufficient time at 960 C to diffuse the M;’s completely through a 0.5 mm thick Si sample. It would take
more than 100 hours to equilibrate the vacancies at this temperature. Thus, if we anneal the sample any
way we choose, we can then deposit the metal and hold the temperature for 5 minutes, then cool the
sample to room temperature radiatively in another minute and know that a large fraction of the single
vacancies that were preserit when the M arrived are now occupied by M substitutional impurities. The
substitutional M profile is easily measured by the spreading resistance profiling, SRP, method.

As already noted above, some startling results came from these studies. These include: i) the
profile is qualitatively affected by the state, molten or solid, of the alloy formed by the metal on the host;
ii) the far side profile is dramatically affected by the presence of as much as 0.1 torr of O; iii) much of
the M that enters the sample does not appear as electrically active M substitutionals; instead, it decorates
the D defects, i.e., it forms (molten or solid) alloy specs at these voids; iv) One does not get the oft
reported bath tub shaped profile unless one deposits enough M on the source side that enough M; get to
the far side to form an equivalent alloy source there. The reason that the profiles are so pertectly
symmetric is thus obvious; contrary to what was claimed, they in fact are produced from a two sided

diffusion. Furthermore, the alloy must be molten to get the "U shaped” or bath tub profile.

V. Studies of Electroluminescent Flat-Panel ﬁisplay Devices

1. L. Khormaei, "Improved Stability of ZnS:Mn ACTFEL Devices," M.S. Thesis, Oregon State
University (1989).

2. L. Khormaei, J.F. Wager, and C.N. King, "Improved Stability of ZnS:Mn ACTFEL Devices,"
SID 89 Digest, 65 (1989).

3. R.C. McArthur, J.D. Davidson, J.F. Wager, 1. Khormaei, and C.N. King, "Capacitance-
Voltage Characteristics of AC Thin Film Electroluminescent Devices," Appl. Phys. Lett. 56,
1889 (1990).

13




4. R.C. McArthur, J.D. Davidson, J.F. Wager, 1. Khormaei, and C.N. King, "Characterization
of ZnS:Mn AC Thin-Film Electroluminescent Devices by Capacitance-Voltage Analysis," Acta
Polytechnica Scandinavia Ph 170, 181 (1990).

5.  J.D. Davidson, J.F. Wager, I. Khormaei, and C.N. King, "Aging Instabilities of ZnS:Mn AC
Thin-Film Electroluminescent Devices," Acta Polytechnica Scandinavica Ph 170, 185 (1990).

6. J.D. Davidson, I. Khormaei, and J.F. Wager, "Electrical Characterization and SPICE
Modeling of ZnS:Mn ACTFEL Devices," SID91 Digest, 77 (1991).

7. 1. Khormaei, C.N. King, R.E. Coovert, and J.F. Wager, "Stabilization of ZnS:Mn ACTFEL
Devices Through Processing Modifications," SID91 Digest, 74 (1991).

8.  J.D. Davidson, "Capacitance-Voltage Analysis, SPICE Modeling, and Aging Studies of AC
Thin-Film Electroluminescent Devices," M.S. Thesis, Oregon State University (1991).

9. J.D. Davidson, J.F. Wager, I. Khormaei, C.N. King, and R. Williams, "Electrical
Characterization and Modeling of Alternating-Current Thin-Film Electroluminescent Devices,"
IEEE Trans. Electron Devices ED-39, 1122 (1992).

10. J.D. Davidson, J.F. Wager, and S. Kobayashi, "Aging Studies of ZnS:Mn Alternating-
Current Thin-Film Electroluminescent Devices," J. Appl. Phys. 71, 4040 (1992).
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Alternating-current thin-film electroluminescent (ACTFEL) devices are emerging as a viable flat-
panel display technology with potential for applications such as high-definition television. Our ACTFEL
work has focussed on electrical characterization and modeling, strategies for improvement of the device
stability, and aging studies.

With respect to electrical characterization and modeling, we proposed and have developed and
refined the capacitance-voltage (C-V) technique for the electrical characterization of ACTFEL devices.
We find this technique to be complementary to the charge-voltage (Q-V) which is conventionally utilized
for ACTFEL characterization. SPICE modeling of ACTFEL devices has also been employed in
conjunction with C-V and Q-V analysis. We have found C-V and Q-V analysis in conjunction with
SPICE modeling to be a powerful approach for understanding the device physics and aging characteristics
of ACTFELs. Recently we have refined the SPICE model to account for parasitic resistances within the
ACTFEL device and to more closely account for details of the ACTFEL dynamic response. Additionally,
we have refined the Q-V technique by defining two new quantities, leakage charge, Q,.,;, and relaxation

charge, Q,jax; these new quantities have enabled us to understand trends in the ACTFEL response as
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a function of changes in the excitation voltage and have allowed us to begin to attack the problem of
understanding the device physics underlying ACTFELSs with asymmetrical interfaces.

We have investigated three successful approaches for improving the brightness-voltage (B-V)
stability of ACTFEL devices. One approach involves the addition of a CaS layer at one or both of the
phosphor/insuiator interfaces. Another approach is to utilize oxygen exposure of ZnS prior to the second
insulator deposition. A third approach is to employ post-deposition sulfur anneals. We believe that B-V
instabilities are associated with sulfur vacancies.

Aging stuciies of evaporated ZnS:Mn devices were recently reported. Q-V and C-V analysis lead
to a picture for ACTFEL aging in which atomic arrangement at the insulator/phosphor intertaces, given
rise to the formation of deep level, fixed charge states. These fixed charge states capture conduction
electrons and perturb the internal electrostatics in such a manner to account for the observed aging

instabilities.

V1. Defect Characterization
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Two experimental investigations were undertaken with the goal of clarifying the atomic nature of
the DX center in AIGaAs. The first experiment is denoted transient decay of persistent photoconductivity
(TDPPC) and consists of monitoring the PPC transient as a function of temperature and simulating the

experimental data assuming thermally activated electron capture into DX with a concomitant moditication
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of the ionized impurity density. Six models for DX were considered but the negative-U model for DX
of Chadi and Chang in conjunction with a shallow donor led to the most satisfying results.

A second investigation involved the minority carrier capture (MCC) technique to estimate the low-
temperature capture cross section of minority holes into the DX center. The measured magnitude of the
low-temperature capture cross section is interpreted to be consistent with the negative-U model for DX
of Chadi and Chang if the rate-limiting step for hole capture involves DX in a neutral charge state.

Additional work, currently in the final stages of completion, involves the electrical characterization

of AlGaAs/GaAs heterojunction bipolar transistors.

VII. Atomic Thermodynamic Theory and Applications

1. T.W. Dobson, J.F. Wager, and J.A. Van Vechten, "Entropy of Migration for Atomic

Hopping," Phys. Rev. B40, 2962 (1989).
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Atomistic thermodynamics is the application of macroscopic thermodynamic principles to the study
of materials on the atomic scale. We have both refined and applied atomistic thermodynamic theory in
the work cited above.

Two main refinements of atomistic thermodynamic theory have been achieved. First, a formulation
of the entropy of migration of an atom undergoing a nearest-neighbor vacancy hop was presented and was
derived by statistical thermodynamics. The second refinement was a reformulation of the enthalpy of
formation of neutral, isolated antisite defects and antistructure pairs in compound semiconductors.

Atomistic thermodynamic theory was applied to a number of semiconductor materials problems.

First, the entropy of migration formulation was employed in order to explain InP drain-current-drift

measurements, deep-level-defect-transformation kinetic studies of the metastable M center in InP, in Si
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and Ge self-diffusion experiments,and in elemental metal self-diffusion experiments. Energetic and
entropy considerations were used to examine atomic mechanisms of self-diffusion in GaAs. Finally, an
atomistic thermodynamic formulation was employed in order to explain self-compensation trends in wide

band gap compound semiconductors.
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ABSTRACT

The author here attempts to present a fundamental and general discussion of
the problem of passivating an electronic device made of semiconducting
materials. He also points out what he believes to be a few misconceptions
in the current literature and makes a suggestion for further progress.
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I. INTRODUCTION

We define the passivation of a semiconductor as the elimination, or at least
the severe reduction, of chemical and electrical reactivity either at a
particular interface, such as its surface, or through its bulk.

Manufacturers of electronic devices must achieve and maintain proper control
of passivation if they are to attain any significant yield, performance and
reliability for their products. This being the case, a great many workers
have explored many strategies in hopes of achieving this goal. A diverse
literature has arisen. The author will here try to provide a simple and
coherent general formulation of the problem and review the current state of
the subject.

It has long been widely agreed that the eslectrical passivation of common,
practical semiconductors (i.e., Si, GaAs, GaP, InAsP, etc.) is equivalent
to their chemical passivation. This implies that electrons and holes in
their band edge states do not self-trap via lattice distortions in these
materials, as they often do in alkali halide crystals, and do not themselves
cause chemical reactions, as they do in Ag halides to produce the photo-
graphic process. On the basis of certain calculations made with what is
known as the local density functional approximation, LDA, several theoreti-
cal physicists have recently challenged this premise (1,2). In particular,
they claim that the low temperature passivation of donor impurities in
r1CaAe alloys, which is known as the DX phenomena, is not a consequence of
a chemical reaction invelving some lattice delect, X, but a pathological
property of all substitutional donors in these alloys. If this were true,
it would be a very discouraging result for the whole tecnnology because it
would imply there is no hope of producing devices with n-type conductivity
in these alloys at moderately low temperatures, T. Many economic analyses
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conclude that AlGaAs devices can compete successfully against Si devices
with similar function only if they can be made to operate below T = 135 K,
where Si bipolar transistors cease to amplify. Thus, the conclusion implied
by the LDA theory calculations is that most research and development of the
AlGaAs alloys should be terminated. LDA calculations ascribe the "EL2"
phenomenon in GaAs and a few other important passivation issues to a similar
pathological property of isolated atoms. The author is convinced that in
this case the traditional premise is correct and the recent LDA theory
claims are quite wrong. In the Section I1 he gives theoretical and
empirical arguments to support his conviction.

If the reader will accept the traditional premise that the passivation of
the practical semiconductors involves the properties of the "dangling” or
reactive bonds of these covalently bonded solids, which are present around
certain impurity atoms and lattice defects, rather than the inherent
properties of good bonds among host atoms and dopant atoms, then control of
passivation means control of dangling bonds.

In principle it seems there are two aspects of passivation - mechanical and
electronic. However, in practice they seem to be linked; where a semi-
conductor is mechanically metastable, i.e., where atoms can move, there
generally are localized electronic levels in the gap; the converse is also
true . Let us enumerate possible strategies. i) One can provide a barrier
layer, e.g., $i0,, to passivate the semiconductor in the same way that Al,0,
passivates metallic Al. 1In Section III1 we consider the requirements of a
good barrier layer and why $i0, is so satisfactory for Si and rather less
adequate for II1I-V semiconductors. ii) One can terminate the dangling bonds
with H. Many workers have reported interesting problems and possibilities
in this direction recentcly. The subject is briefly commented upon in
Section IV. {ii) One can getter objectionable dangling bonds out of regions
where they cause trouble to regions where they present less problem or may
even provide a benefit. Gettering generally implies use of strain fields.
We discuss gettering in Section V. iv) One can use elements other than H
to terminate dangling bonds, or otherwise depresses undesired reactions.
This possibility is discussed in Section VI and the use of noble gas atoms
for the purpose is suggested. Some concluding remarks are made in Section
VIiI.

II. PASSIVATION AT DANGLING OR AT COMPLETED BONDS

The traditional premise that passivation is a process happening at dangling
bonds has been challenged by calculatjions (1,2) using the LDA approach and
the interpretation of some experiments (3,4). Although the challenge is
more general, there has been a concentration on GaAs and AlGaAs alloys, and
in particular on the EL2 and DX phenomena in these two. These phenomena are
reactions between metastable states of these semiconductors of great
industrial importance because they switch the material between a highly
conducting state and an insulating state. Also, both reactions can be
passivated (5,6) with H. (This passivation seems to be not practical for
DX and only marginally practical for EL2.) They must be included in any
broad discussion semiconductor passivation. Thus, a challenge to one’'s view
of these reactions {s a serious challenge to one’s view of the entire
subject of passivation. The author’'s response to this challenge is divided
into three parts: principle, theory, and experiment.

As a matter of princple, the author opposes the suggestion that dangling
bonds are not crucial to passivation in semiconductors because it contra-
dicts a central lesson of materials science taught by the experience of the
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semiconductor industry (7-9). After 30 fruitless years trying to make
bipolar and field effect cransistors from Cu oxides, PbS, and the like,
progress was finally made when the pioneers gave up the notion that these
materials were easy to work with and to integrate with metal conductor
arrays and instead turned their attention first to Ge and then finally to
Si.

Why do Cu oxides fail so completely where Si succeeds so well? The direc-
tional, covalent bonds in the Cu oxides are too weak and atoms are too ionic
to prevent the lattice from responding to the electrostatic field produced
by conduction band electrons or valence band holes that are trying to pass
trough the sample. Not only is the mobility poor due to this lattice
distortion, but the structure is too fragile to withstand the injection
currents and bias fields required to operate a practical transistor. A
prime material requirement for a practical semiconductor is that it must
have strong, directional, covalent bonds so that the atoms will maintain
their bonding network when large bias fields are applied and when large
currents of electrons or holes are injected or accumulated. It also helps
if the bonding has a low ionicity so that the interaction of the atoms and
these fields and currents is relatively low. Si is a much better choice
than PbS or Cu oxides because it has zero ionicity and assumes the very
stiff diamond lattice. Although partly ionic and not as stiff as Si or Ge,
GaAs is a much better choice for making a transistor than is ZnSe or CuBr.

Obviously, for a practical device structure, the dopant atoms, which
normally complete all four bonds to their nearest neighbors, must maintain
the lattice as do the host atoms. Thus, the suggestion that an isolated
donor dopant atom in AlGaAs, in response to a high Fermi level at low T,
would distort from its normal lattice site to produce the "DX centers” which
compensate such samples, contradicts the basic lesson just noted and the
fact that AlGaAs makes good transistors at room temperature.

The theoretical objection to the use of LDA calculations to support this
suggestion is that the the LDA does not obtain reasonable and reliable
values for the local effective fields, LEF. (The LEF is the instantaneous
electric field acting on an ideal point charge; it varies widely from the
macroscopic average field both spatially on the scale of the unit cell and
temporally at frequencies corresponding to all the virtual transitions that
contribute to the dielectric comstant of the sample (10,11).) This problem
with LDA calculations has been noted by others (12,13) previously. It is
closely related to the problem that, although they do well with ground state
properties such as crystazl structure, lattice constant, phonons and bulk
modulus (14), LDA methods do not calculate the band gaps of semiconductors
correctly. (They calculate the band gap of Ge and GaAs to be zero (15).)
It is a standard practice, although not always noted any longer, to correct
the calculated band gaps to their empirical values when presenting the
result of LDA calculations. This is usually done by a simple translation
(called the "scissors operator"), although more elegant methods are also
available. Unfortunately, the corrections required from the delocalized
band states that define the band gap of a semiconductor are not the same as
the LEF corrections appropriate for the tightly localized, deep level defect
states relevant to passivation.

A good test for the accuracy of the LDA methods to calculate the LEF in a
semiconductor is their estimate of the binding energy of a positron to a

vacancy. The positron is among the best realizations of an ideal test
charge; in a typical experiment (16,17) there is only one positron in the
sample at a time so there is no orthogonalization problem. The most

extensive LDA calculations (18) for positrons at vacancies in Si (and GaAs)
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seem to be those of Puska et al. from the very reputable group in Stutt-
gart. The value they calculate for the lifetime of a positron in a Si
vacancy is 254 to 261 ps (depending on charge state), which is not far from
the empirical values, about 270 ps. This implies that they have the ground
state properties of the vacancy - positron system reasonably accurately, as
is usual for LDA methods. However, they calculate the binding energy, i.e.,
the energy to remove the positron form the center of the vacancy to the
interstitial channel, which is the integral of the LEF along that path, to
be just 1 eV. This would imply that in high temperature experiments observ-
ing positron trapping at vacancies to estimate thermal concentrations and
properties of vacancies, there should be a substantial probability that the
positron would detrap from a vacancy after being captured there before it
annihilates. This would be detected in such experiments and has never been
detected. From this empirical fact, one can deduce that the binding energy
is actually 3 eV or greater (16,19).

Given that, for the rather ideal case of the binding energy of a positron
to a vacancy in Si, a good LDA calculation estimates the energy required to
move a unit charge from a vacant lattice site to an interstitial position
with an error of 3 eV, it is hardly likely that similar methods can be
relied upon to estimate the activation barriers for the reactions of the EL2
and DX phenomena, or other processes relevant to passivation, which are of
the order of 0.2 eV. Indeed, good LDA calculations (2) estimate as only 0.2
eV the energy barrier to displace a normal donor in AlGaAs from its lattice
site to an interstitial position, where it might become a multiple acceptor.
There is a similar estimate (1) to displace an isolated As antisite defect
in GaAs.However,in the author’s opinion, these facts ought not to be
accepted as compelling evidence against the traditional view that the AlGaAs
lattice is quite stiff, so that compensation reactions and passivation
processes occur only at dangling bonds.

Turning to experiment we might first note that differential thermal anal-
ysis, DTA, of electron irradiated GaAs (20) shows the net energy release
when an As interstitial annihilates a vacancy to be 8.5 eV. The displace-
ment activation energy must be greater than this. It is hard to believe the
corresponding values for isolated donor atoms or antisite defects could be
very much less. Thus, the GaAs lattice is indeed found to be stiff.

Positron annihilation experiments (17) also teach us that GaAs samples
always contain concentrations of vacancies and vacancy complexes in excess
of 10'® cm™. It must be remarked that these experiments only detect those

positrons which are rapidly trapped into the wvacanrcy cavity. Thus
positively charged vacancies and vacancies bound in positively charged
complexes are generally not detected in these experiments. The total

vacancy concentration must be greater than that detected by the positrons.
Complexes of vacancies with antisite defects account for the deviation from
ideal stoichiometry of this and similar compounds (9,21), which often exceed
1 part per 1000 or several 10'? cm™®. For example, if a GaAs sample is rich
in As, complexes are formed such as Vg,Asq Vs, (22,23), which has no net
charge and is strongly bonded because V;, is a single acceptor and Asg, is a
double donor. Other configurations, including the EL2 family of complexes
(24-26), also form. However, the facts that positron studies find so many
vacancies while DTA studies find the energy released when host interstitials
annihilate vacancies is so large convince this author that host intersti-
tials are almost never found in these complexes.

Mossbauer experiments (27-30) also find that a large fraction of the Sng,
donors in GaAs have As vacancies as nearest neighbors. Thus, the compound
semiconductors have large numbers of dangling bonds, in various configura-
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tions, that may serve as the site of reactions that we are interested in
passivating.

It must be noted that the experimental observaticn that the DX phenomenon
is observed in non-alloyed GaAs under pressure, and not observed in the same
sample without the pressure, has been argued (3) to be strong evidence that
the phenomenon is a pathological property of the isolated donors rather than
one of dangling bonds. As has been noted before, this would only be
convincing evidence if it could also be shown that there where not enough
vacancies, or other point defects, in these samples to account for the
effect under pressure. (One agrees that new defects are not added as the
pressure is applied.) In fact the positron and Mossbauer experiments
indicate that this is not true; there are sufficient vacancies in the non-
alloyed GaAs to account for the DX phenomenon with the reaction (29-31)

D' + Vi, + 3 e] = D" + (VMY . (1)

where e_ denotes an electron in the conduction band distribution, M is a
group III metal atom (Al or Ga), and D' is a donor atom which may or may not
be a near neighbor to the vacancy. The reaction here is simply nearest
neighbor hopping of an As vacancy, V,,, which is a deep donor and thus is
neutral in n—type material.

Mossbauer and perturbed angular correlation, PAC, experiments offer an
strong test for the proposal that reaction (1) accounts for the DX phenom—
enon (29,30). (1) implies that only one third as many V,, hop has e_ are
removed. Thus, at least 2/3 of the donors in the sample should be
unperturbed in their local environment by the DX compensation while 1/3 or
less should be strongly perturbed by the presence of a strongly localized
triple acceptor. This charge will produce a large isomer shift a the
fraction of donors near the vacancy-antisite complex while the majority of
donors will have the isomer shift characteristic of an isolated site in the
perfect lattice. Such Mossbauer experiments have now been reported, both
for the AlGaAs and for GaAs under pressure, and do show that a majority of
donors remain unperturbed by the DX compensation reaction and a fraction
about 1/3 move into the field of approximately three localized electrons
when the sample is compensacted.

Another experimental fact that should be mentioned in this regard is that
it is possible to getter DX centers by causing a nearby dislocation to climb
(32). This was observed in studies of the growth of "dark line defects" in
AlGaAs double heterostructure lasers several years ago. As the active layer
remains n~type, the donors remain while the X's, evidently V,,'s, are
gettered to the dislocation core.

ITI. REQUIREMENTS OF A PASSIVATING BARRIER LAYER

To passivate a semiconductor both chemically and electrically, a barrier
layer must cover semiconductor conformally, complectely, and stably. It must
be well bonded to the semiconductor and able to flex with it during
processes which warp and flex the product. (These include oxidations,
vacuum chucking for lithography, metallization, packaging and thermal
transients at various times during production and use.) It must also block
the diffusion of charge. atoms and ions.

To be stable chemically, a substance must have large activation barriers
against reactions that would transform it to anything else. It must have
a large cohesive energy. As elemental solids with large cohesive energies
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also liberate large energies forming certain compounds, particularly
nitrides and oxides, one wants a compound with a large heat of formation.
In order to bond well to the semiconductor, the bond energy to those atoms
must also be large.

In order to cover the semiconductor conformally and to flex with it without
developing cracks or grain boundaries along crystalline planes, it is very
advantageous that the barrier be amorphous, rather than crystalline. Thus,
one wants an amorphous phase that is stable; it ought to have a sufficiently
high glass transition temperature. It should also have a slow variation of
viscosity with temperature around that point so that it can flow to conform
continuously to the semiconductor without cracking, crystallizing, or
imparting much strain to the semiconductor.

Directional covalent bonding is important to the stabilization of amorphous
phases formed from a few elements with atoms of similar size (33). It
allows for the formation of stable but non-crystalline bonding networks.
Non-directional forces, i.e., ionic (e.g., NaCl), metallic (e.g., Cu) and
van der Walls (e.g., solid Ar) binding, imply easy crystallization unless
one has a mix of several different sized atoms. The only examples of stable
amorphous solids formed without directional covalent bonding (known to this
author) are metal alloys composed of several elements such that the atoms
have distinctly different size. These atoms are very stable in their
amorphous phase because they fill space much more efficiently than can atoms
all of the same size (because metallic binding increases with electron
density) and they would crystallize to different crystal structures only if
they could diffuse enough to phase separate (34-37). Atomic diffusion is
very slow through such alloys because there is so little free volume. These
amorphous metals might be useful to stop atomic diffusion out of conductors,
particularly i{f a better conductor like Cu or Au which must be kept out of
the semiconductor were to be deposited on top of them, but they would not
provide electrical isolation.

Thus, the requirement of chemical and phase stability together with a large
band gap direct us to compounds with moderate ionicity and large heats of
formation with strongly directional covalent bonds. To avoid phase
separation, which would imply grain boundaries that trap charge and promote
diffusion, there ought not to be more than one easily obtained phase. Thus
the fact that the native oxides of GaAs include Ga,0,, GaAsO,, and As,0q
implies that attempts to passivate GaAs wi“h its native oxide must face this
difficulty. Deposited layers, e.g., CVD a-35i0, layers, must face the problem
of forming stable bonds between the 510, and the GaAs despite a smaller heat
of formation for such bonds. Also, when one deposits a layer rather than
oxidizing the semiconductor. one looses the cleansing effect of the
reaction; “dirt" tends to be burried rather than vaporized. Where one must
deposit the layer, annealing will help to passivate the trapped "dirt".

The fact that Ge "snow plows" ahead of the oxide interface when Si-Ge alloys
are oxidized so that the oxide is pure $i0, points up the importance of the
difference in their heats of formation. (The enthalpy of formation at T =
25 C, AH?, for a—GeO, is 5.57 eV compared with 9.36 eV for a~Si0,.) Because
a-510, has been demonstrated to be such a good material from which to for a
passivating barrier layer, this snow plow effect lends much hope for Si-Ge
heterostructure technologies that may overcome the limitations imposed by
the failure of Si bipolar transistors to amplify below 135 K.

The Ge snow plow effect upon oxidation also shows that the dominant
direction of Si diffusion at the oxidizing interface is from the bulk to
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interface. This implies oxidation injects vacancies formed at tue
incoherent oxide interface into the bulk, not Si self-interstitials as some
have claimed (38}. Oxidation enhanced and retarded diffusion of dopants,
and other atoms, is a complex and still unresolved problem (39). The
implications for passivation are not yet clear; the fact that vacancies are
quite mobile in Si and Ge at room temperature implies that they are likely
to be gettered and present less trouble than in III-V compounds, where they
are not so mobile on account of the formation of antisite defects for
nearest neighbor hopping.

At this point we can see that we are being driven to the conclusion that
thermal amorphous $i0, and Si,N, are likely to be optimal materials from
which to form passivating barrier layers. This should not be surprising in
light of the experience of industry.

However, there remain the problems of the dangling bonds implied by the
incoherent interface between a-5i0, and the semiconductor, as well as
dangling bonds at vacancies. (One may define a vacancy in an amorphous
covalent network as a site where bonds are left dangling.) As is well
known the traditional remedy is to introduce H from H,, H plasma, forming
gas, H,0 steam, etc. in order to terminate these dangling bonds as H bonds.
Because OH is an effective catalyst for the Si-O bond this also has the
benefit of promoting compete coverage of the semiconductor by very thin
layers and of reducing the strain between the layers due to differences i
coefficients of thermal expansion.

On the other hand we are now aware of the problems that arise when H
diffuses to dopants in the semiconductor and passivates them. It may be
worthwhile to think of possible alternatives to H passivation of dangling
bonds.

IV. Passivation with Hydrogen

H is extremely effective in passivating semiconductors. As it is light and
small, it will rapidly diffuse through most solids. It will react with any
dangling covalent bond to produce a "hydrogen bond." In most cases this
reaction removes a deep level defect state associated with the dangling bond
from the band gap of the semiconductor. In addition to this electronic
effect, it also has the mechanical effect of filling up the free volume
associated with the vacancy or other defect responsible for the dangling
bond. In structural metals this leads to "hydrogen embrittlement”; here the
important mechanical effect is to passivate atomic hopping processes, such
as vacancy nearest neighbor hopping. Of course, it may take more than one
H atom to passivate vacancy complexes and H, molecules may be present in the
larger ones. We suppose this occurs for the EL2 defect, which we have good
evidence is a family of defects (40) headed by an Asg, together with a
divacancy (24-26). It has been noted that EL2 is passivated by H and once
passivated, more annealing at higher temperatures is required to reactivate
the EL2 phenomenon than is required for reactivation of the dopants and
several other deep level defects (5,6).

Unfortunately, we now know that H will also react with the acceptors and
donors (that we must have to make devices) to remove their levels from the
gap as well (41,42). This might have been anticipated from the fact that
H reacts strongly with both electropositive elements (e.g., Li) and electro—
negative elements (F). H can also nucleate microsplits, very small cracks,
in near surface regions by interposing two H atoms in each of the bonds
across a cleavage plane to produce two H terminated surfaces (43).

s 3¢
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It should also be noted that H is ubiquitous in semiconductor processing and
is introduced, intentionally or not, from residual vacuum gasses, plasmas,
annealing ambients, steam oxidations, acid etches, etc. at almost every
step.

A few remarks about this vast subject seem to be called for partly because
some recent results re the H passivation of DX have been claimed (6,44) to
be supportive of the conclusion of the proposition that the corresponding
reactions occur without dangling bonds. These claims seem in turn to stem
from confusion re the energy of hydrogen bonds to various elements.

In 1986 Pearton et al. published (45) a plot of their empirical reactivation
energies, Ej, for recovery of donmors in GaAs from H passivation versus H to
donor element bond energies. This plot is remarkably linear and accurate.
This strict linearity is also remarkable because: a) The scales are not the
same; the range of bond energies exceeds the range of E, by about a factor
10 but the absolute magnitudes are of order 3 to 2.* No explanation in terms
of screening would seem to suffice. b) The ploet shows both H bond strength
and E, to be less for Si than for Ge. Experience with chemical trends of
bond strengths, as well as the empirical literature, teach us that the H
bond strengths to Si are actually larger than the comparable bond to Ge.
¢) The E; values were deduced under the assumption that the attempt fre-
quency, £, to break the H - donor bond is the same for all donors. The
formula used was

Ep = kT ln{(tf)™ ln(Ny,/N)] . (2)

In fact one might expect f to be greater for donors that bind the H more
strongly, as the observed local vibrational mode frequencies are higher, and
for lighter donors, which themselves vibrate at higher frequency in the
lattice. Usually ~he lighter donor also binds H more strongly. Any trend
of values for f in this direction will reduce the larger values of E, deduced
from (2) relative to the smaller ones. As it is, the range of E; for f =
const. (from 2.04 eV for Sn and Te to 2.16 eV for S) is barely larger than
the claimed experimental error of (+) 0.04 eV.

However, the conclusion of Pearton et al. that the H is bonded to the passi-
vated donor atoms, is supported by the fact that electron mobility increases
upon passivation. If H acceptor were simply compensating the donors and
distant from ctnem, and if only ionized impurity scattering needs to be
considered, the mobility should drop when H is added. Also, a rather
stronger variation of E, with H bond energy for dopants in Si is found.

Pearton et al. got their H - donor bond energies from a table in the 1975
CRC Handbook of Chemistry and Physics labeled "bond strengths of diatomic
molecules." It suggests e.g.,that Ge-H bond energy (quoted as 76.5 Kcal/
mole) exceeds the Si-H bond energy (quoted as 74.6 Kcal/mole). This and
similar tables are reproduced also in several other reference books; at
least in the CRC Handbock it contains the caveats that some values were
found for T = 0 K while others are for T = 25 C and that "The references
have been chosen primarily as a key to the literature."” Confusion also
arises many values are in fact not obtained frum diatomic molecules but from
"single bond energies” deduced from larger molecules. Consideration of well
established chemical trends, as well as some of the literature referenced
in this table. show that in fact the energy 1is generally less for any
particular Ge-H bond than for the corresponding Si-H bond. The present
author relies on the tables published (46) by the U.S. National Bureau of
Standards. These show e.g., for Si at T = 0 K the Si-H diatomic bond energy
is 73.5 Kcal/mole and single bond energy for SiH,, i.e., 1/4 of the energy
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of the 4 tetrahedral bonds, which seems to be a more relevant quantity for
the present problem, is 76.0 Kcal/mole and the corresponding single tetra-
hedral bond energy for Ge-H is 69.2 Kcal/mole. S.R. Gunn, one of the
authors referenced in the CRC table, in fact concludes (47) very similar
values for Si-H and Ge-H in the article published just before the particular
one cited by CRC and gives an enlightening discussion of the problems of
these determinations.

Table 1 gives some values for T = 0 K H bond energies that hopefully are
appropriate for the present discussion. They are obtained from the NBS
compilation. The molecule from which they were obtained is indicated alseo.

Given that the empirical evidence does imply that H does bind directly to
donors (and to acceptors) in GaAs and that the choice of donor does affect
Ep but to a degree much smaller than the range of molecular H-donor bond
energies, we must conclude that the passivation/depassivation reactions are
more complicated than simple making and breaking the donor-H bond. This
might be anticipated from the fact that the positron annihilation experiment
teach us that virtually all samples of GaAs contain large concentrations of
vacancies, which is likely correlated to the fact that they are are also
generally off perfect stoichiometry by parts per thousand. This, and the
tendency of vacancies in compounds to hop to nearest neighbor sites thereby
making antisite complexes, implies that virtually all deep levels will be
complexes of related families (48) and will be difficult to getter in
III-V’s. Note that positrons (16) do not find vacancies in normal Si at
room T; being an element, Si does not have a similar tendency to be non—
stoichiometric. We noted that the variation of E, with impurity is larger
in Si than in GaAs.

It is evident that most of the non-stoichiometric defects in GaAs are
present in neutral complexes. If the sample is grown Ga rich, then the
non-stoichiometric defects include V,,, which is a deep donor and Ga,,, which
is a double acceptor so, among others, the complex V,,Ga,,V,, forms (22,23).
If the sample is grown As rich, then V;, which is a deep acceptor tends to
complex with Asg,, which is a double denor, to form V;,AsgV;,. Note that the
Ga rich complexes present Ga dangling bonds to the H at both the V,, and the
Ga antisite, while the As rich samples present As dangling bonds at both
point defects. Given that almost all GaAs sold to industry in recent years
has been deliberately grown As rich to take advantage of the EL2 phenomenon
to produce a semi-insulating substrate, we may assume that the samples used
by Pearton et al. were also As rich so they present many As dangling bonds
to diffusing H. Then the value of E; is determined mainly by the energy
difference between the As-H bond at the defect site in the sample, which is
probably not much different from the 3.02 eV of the the AsH; molecule, and
the energy of the H in its diffusion channel. There is evidence that the
metastable channel site for the diffusing H in GaAs is a bond centered
interstitial site (49); the same may be true of Si and other covalent semi-
conductors (50). Then we estimate the difference between the energy of the
H atom in vacuum and in this channel site, i.e., the H atom adsorption
energy for GaAs, is about 1.0 eV.

This picture may also explain why Pearton et al. estimate the activation
energy for H diffusion in GaAs to be 0.5 eV (but increasing with doping)
while Jalil et al. find (51) it to be 1.4 eV. We propose that the activa-
tion energy to hop from one interstitial site to another is of order 0.5 eV
while long range diffusion is strongly affected by trapping at dangling
bonds. If the bond is to a Ga atom, we estimate (Table 1) the detrapping
energy to be 1.8 eV: if it is to an As atom we estimate 2.0 eV. Thus, the
value found by Jalil et al. is assumed to be the thermal compromise between
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Table 1. H Bond Energles at T = 0 K

Bond AH (Kcal/mole) AH (eV) molecule
B-H 87.7 3.80 BH,
Cc-A 98.1 4.25 CH,
N-H 92.3 4.00 NH,
O-H 101.4 4.39 OH
Al-H 67.1 2.91 AlH
Si-H 76.0 3.30 SiH,
P-H 75.6 3.28 PH,
S-H 86.8 3.76 SH,
Ga-H 64.6 2.80 GaH
Ge-H 69.2 3.00 GeH,
As-H 69.7 3.02 AsH,
Se-~-H 74.7 3.24 SeH,
San—-H 59.2 2.57 SnH,
Sb-H 60.4 2.62 SbH,
Te-H 63.1 2.73 TeH,

these detrapping values and the much smaller interstitial-interstitial
hopping value.

We conclude that the rate of de-passivation of the donors by H is dominated
by the large number of detrapping events of H from As dangling bonds that
are required to remove the H from the vicinity of the donors and is only
marginally affected by the single (or, at most, few) detrapping events of
the H from the donor itself. Thus, the difference between the reactivation
energy for these donors and for the DX center (which much evidence indicates
(29,30) is a complex of a donor with an X = V,, that hops to nearest neighbor
sites via reaction (1)), is expected to be only slight. The observation
that this is true (6) is not evidence against the proposition that there is
an X and indeed it is the V,,. Again, the fact that a much larger re—activ-
ation energy is found for EL2 is likely due to the fact that its divacancy
cavity takes up more than one H before it is passivated and these form more
stable molecular structures.

This is the sort of complicated defect interaction process that is best
handled by Monte Carlo simulation methods. We have devised an efficient and
inexpensive simulation program, VIDSIM, which can do (39,52,53) this and
similar problems on microcomputers. (We supply VIDSIM to any one requesting
it for the cost of the media.) Preliminary results of the simulation of
vacancy hopping in III-V compounds indicates that real interactions are much
more complicated than one might at first expect. This is indicated also by
experiments on diffusion of Al in GaAs doped with different domors, which
give distinctly different kinetics (54). We have concluded that this is due
to the tendency of light atoms (e.g. Al, Si and S) to engage in correlated
hopping with vacancies and to promote the formation of multivacancy
complexes.
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V. PASSIVATION BY GETTERING

Gettering is the deliberate trapping of impurity atoms, vacancies or host
interstitials at some site where they will do no harm.

One can accomplish gettering by binding the point defects via a chemical
reaction, an elastic force field, an electrostatic force field, or a
magnetic field. Chemical gettering is widely used in vacuum systems but has
not been much used in solid state devices. Magnetic getting is used for
some machines, but magnetic forces are usually too weak to be useful for
solid state devices. The recovery of CdS-Cu,S solar cells by placing them
in the dark, so that the junction field will be maximal, is an example of
the successful use of electrostatic fields to getter point defect (Cu inter-
stitials) that degrade the performance of a solid state device (55).
However, the most common and important examples of gettering in the
semiconductor industry use elastic fields to bind the point defects. The
single most important example is use of §i0, precipitates in Czochralski Si
substrates for "internal gettering”. These precipitates punch out dis-
locations and otherwise strain the lattice to trap harmful point defects
away from the device layers nearer the surface, which must be denuded of 0.

It is well known that dislocations from other sources, e.g., misfit stress
between layers of different doping or heterojunctions, will also getter
point defects in their elastic strain fields. Dislocations will also
incorporate point defects into their core structure when they climb. It is
also well established that dislocations can me made to glide in most prac-
tical semiconductors by laser excitation above a critical intensity (56) and
that below this critical intensity they will climb by gettering point
defects from the surrounding material at a rate that is dramatically
enhanced by the electron-hole recombination enhanced diffusion of those
point defects. We have already noted that the X of the DX center is one of
the point defects that may be gettered in this way (32). This suggests the
use of ordinary device lithography to define regions in the product into
which one wants dislocations to glide under laser excitation so that they
will subsequently passivate nearby device regions by gettering out point
defects, for example by recombination enhanced diffusion under a lower level
of laser excitation. We are presently engaged in exploring the practical
applications of this "optical glide and climb” passivation to III-V hetero-
structure devices which contain many threading dislocations due to large
misfit stresses.

The author expects many advances in passivation technology through the use
of various forms of gettering in the future.

VI. PASSIVATION OF DANGLING BONDS WITHOUT H, e.g., WITH Ar

When we consider alternatives to H to passivate dangling bonds, it seems
worthwhile to consider elements at the opposite extreme of chemical reactiv-
ity from H. Whereas H is the most reactive element, the noble gases are the
least reactive. As does H, the noble gas atoms have the attractive feature
that they generally diffuse rapidly in most semiconductor lattices. They
also have the feature that they precipitate into vacancies, and other cavi-
ties, where they mechanically block further atomic migration and seem even
to bond chemically into the host lattice (57).

Noble gases can easily be ion implanted into semiconductor products, incor-
porated fror plasmas, or introduced from the amorphous metals (37) that were
suggested as diffusion stops against Cu and other optimal conductors. The
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use of noble gases for vacancy complex passivation may be particularly use-
ful in avoiding problems of H passivation in an intense irradiation environ-
ment.

VII. CONCLUSIONS

This author is convinced that the best help a theorist can give to the main
stream of semiconductor passivation technology is via Monte Carlo computey
experiments, using e.g., VIDSIM (39,52,53). The problems of H passivation
of deep level defects of current practical interest are simply too complex
to be resolved by ab initio analytic techniques. As for new innovations,
it seems that dislocations ought to be considered an opportunity rather than
a lattice problem. They are almost inevitable in the strained layer super
lactice structures currently being explored; they can be made to glide or
to climb rapidly by laser irradiation that can be be defined lithographical-
ly. The gettering of very problematic point defects, like the X of the DX
center, by dislocation climb has been demonstrated. The use of amorphous
metals as a diffusion stop may find application, as may the use of noble gas
atoms to bind up dangling bonds in vacancy complexes.
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ABSTRACT

We propose a general method to obtain high conductivity of either type in wide gap semiconductors where
compensation by native point detects normally limits conductivity of one or both types. We suggest that the
successes of Amano et al. and of Nakamura et al. in obtaining more than 10'® cm™3 holes in GaN are particular

examples of the general process that we propose.
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Attempts to obtain practical levels of n-type or of p-type conductivity in wide band gap semiconductors are
usually frustrated by the tendency ot the material to self-compensate the shallow donor or shallow acceptor dopant
impurities, that one deliberately introduced into the material. The spontaneously generated native point defects
that do the self-compensation might be vacancies, antisite defects. host interstitials or complexes among these.
The root cause of this tendency towards self compensation is the natural tendency to minimize free energy.!’ An
important fraction of the total free energy of the sample is minimized when the Fermi level, Eg, is at the intrinsic
level, E;, of a semiconductor or insulator. This is because occupancy of the bonding states of the valence band.
which are pushed down relative to the free electron gas levels of the jellium model by the crystal potential,
reduces the enthalpy by the same amount that occupancy of the corresponding anti-bonding states of the
conduction band would raise the enthalpy.!”> Thus, if by doping one were to move E; so close to one or the
other band edge that nature could reduce the tree energy of the sample by generating some collection of native
defects with appropriate ionization levels in the band gap and letting the free carriers fall from the Fermi Sea into
these levels, then nature will do this at a rate limited by the activation barriers for the defect generation and
diffusion processes at the ambient temperature. If this rate is rapid enough. one’s attempt to obtain practical
conductivity will be frustrated.

Several methods to circumvent the tendency to self-compensation have been develoned. A well-known
example is the use of ion implantation to introduce the dopant impurities at concentrations tar beyond equilibrium
thermodynamic limits. However, one usually has to anneal out the damage concomitant with ion impiantation
and compensating defects are often introduced in that process. It has been found that laser annealing or rapid
thermal annealing processes. which cause a major splitting of the quasi-Fermi levels while the damage is being
removed, can produce higher levels of electrical activation (i.e., less self-compensation) than ordinary thermal
annealing.ém Rapid quenching and crystallization can also be used to obtain a crystal with active doping levels
far from thermal equilibrium, which one may be able to retain long enough for practical purposes by keeping the

sample cool after preparation. Untortunately, the processes required to metallize, mount and package

(3]




semiconductor devices are often incompatible with a requirement that it be kept so cool that self-compensation
does not occur.

Other strategies for circumventing self-compensation involve nuclear transmutation. One can arrange that
the shallow dopants be created by nuclear decay only after the device has been fabricated and packaged.
Alternatively, one can deliberately compensate the intended shaliow dopant impurities with radioactive impurities
which decay to neutral host or impurity atoms with times long compared with the fabrication process.® In either
case E; moves to the point that self-compensation would be energetically favorable only after high temperature
processing has been completed. Such methods are limited by the availability of useful isotopes. problems with
residual radioactivity, and with the fact that the recoil energy in a nuclear transformation reaction is often large
enough to displace the radioactive atom trom the lattice site and create a vacancy interstitial pair. which may
compensate the sample.

We here note another alternative to circumvent self-compensation. The strategy is to introduce H ions to
compensate the intended shallow dopant impurities during crystal growth and subsequently to remove them by
converting them to neutral H atoms and diffusing them out of the active region to a free surtace or to an internal
void. On the tree surface or the void surface, the neutral H atoms combine to form H~ molecules and desorb
as the elemental gas. We make use of the tacts that atomic H generally produces both deep donor and deep
acceptor ionization levels® 1! in Si and in wider band gap semiconductors and that. while these H* and H™ ions
tend to cluster with the shallow acceptor impurities or shallow donor impurities respectively, the neutral H
diffuses easily in the host lattice and migrates large distance before re-ionizing. We also make use of the fact
that, when E; is kept near E;, there is no thermodynamic driving force to generate more native defects; the native
defects are not needed to compensate the shallow dopants because that has already been accomplished with the
H ions. To neutralize the H ions, we introduce "de-ionizing" radiation, i.e., radiation that produces electron-hole
pairs in the desired region. This can be done with above band gap light or with electron beams or, perhaps,
directly by direct injection. The major considerations in designing the de-ionization process are that it should

neither heat nor damage the host lattice but should provide adequate currents for adequate times in the desired




region so that the H ions will be neutralized enough times to wander to the intended sinks. One must prevent
native defect reactions from occurring, because they would tend to reintroduce compensation. This precludes
electron beam energies larger than 100 keV and fluxes that would raise lattice temperatures to more than about
300 C. Note that the range of the effect is not the primary range of the incident beam of electrons or light but
the depth to which the electron-hole pairs that the beam produces diffuse.

A practical method to provide the H ions required to compensate the doping during crystal growth is to grow
in the presence of a H plasma. Common methods of chemical vapor deposition, CVD, or organometallic
chemical vapor deposition, OMCVD, crystal growth can easily accommodate this requirement for "plasma
enhancement”. CVD and OMCVD can also supply H ions by cracking H bearing molecules on the crystal
surface. One can imagine methods to incorporate H ions in hydrothermal or flux growth systems and for liquid
phase growth.

We must now note that at least two reportslz'm have already been published which we believe demonstrate
the efficacy of the general method just described for the particular case of p-type GaN. Amano et al. and
Nakamura et al. do not discuss how the process which they call "low energy electron beam irradiation” or LEEBI
may have succeeded in producing samples with hole concentrations, p > 108 cm3 in this wide gap
semiconductor. Previous reports had concluded that. due to self-compensation, GaN can be made only insulating
or n-type. The native defects responsible for this are thought to be N vacancies or N on Ga site antisite
defects.1:4:8:14)

The LEEBI process described by Amano et al. and by Nakamura et al. appears to be consistent with the
prescription given above for the general method. The samples of GaN were grown by OMCVD with H present.
As grown, they were semi-insulating or n-type. We posit that the as grown material is insuiating because most
of the shallow acceptors, A", are compensated by H™ ions that reside at interstitial sites in the same unit cell as
the A" substitutional site. Where there was n-type conductivity, we posit that it was the result of insufficient
stoichiometry control. We further posit that the samples have, given the large concentrations of shallow acceptor

impurities that were incorporated. relatively low concentrations of vacancies. antisite defects, and host interstitials




because the compensation was accomplished with the H™ interstitials. The samples were irradiated with an
electron beam of 5 to 15 keV incident energy for several hours, which caused them to become p-type with good
conductivity. The 10 keV initial kinetic energy of incident electrons is not enough to displace atoms from bonded
sites in the host lattice,!'® and the flux is low enough that there is no substantial heating so that no new
vacancies, interstitials or antisite defects can be introduced. However, the irradiation does produce electron-hole
pairs. Both carriers and their excitons tend to collect at the H* - A~ donor acceptor pairs. These electrons
neutralize the H* interstitials; the neutral H atoms diffuse rapidly as interstitials until they either re-ionize and
rebind to an A" or reach a surface and combine with another H atom to form the gas. Because the only effect
is that the H leaves, this leaves the sample with a large concentration of uncompensated substitutional shallow
acceptors trapped at low temperature in a GaN host lattice that is relatively free of native point defects and now
denuded of H. Even though this is not the state of lowest free energy, the contiguration is metastable with large
activation barriers against re-establishing the favored insulating state. (Recall that diamond is not the stable phase
of C at normal temperature and pressure, but it lasts "forever".)

We conclude that the general process we have described for doping semiconductors to levels heretofore
unattainable by first growing the material heavily compensated by H ions and then removing the H ions with a
low energy, modest flux beam of de-ionizing radiation accounts for the case of p-type GaN, as nas been
reported!2-13) by Amano et al. and by Nakamura et al. Furthermore, we posit that similar processes will produce
p-type conductivity in other wide gap semiconductors, including BN, AIN, BeO, ZnO, ZnS, and CdS where
self-compensation of acceptor doping has been limiting. For the case of ZnSe, analysis of native defect equilibria
has ldng predicted!) that p-type doping can be obtained by near equilibrium processes. Modest p-type
conductivity has been reported for many years with much better conductivity tound recently with the advent of
N doping. Some of the recent success has been had with processes where there is no obvious source of H. We
suggest that, while ZnSe can be doped p-type without our proposed H process, one might improve the p-type
conductivity with the H process because it is expected to increase the solubility of acceptors and to decrease the

solubility of any donor impurities as well as the concentration of native donors. Furthermore, we propose that




the analogous process with H™ ions, that compensate shallow donors and can be neutralized by injecting holes,
can produce useful enhancement of n-type conductivity in cases where n-type conductivity is limited by
self-compensation.

To practice the method, one deliberately incorporates during crystal growth not only the desired shallow
acceptor or donor dopant impurities but also large quantities of H. The material thus grown is insulating due to
the compensation of the shallow dopant levels by the H deep donor or deep acceptor levels. As this compensation
is provided by the H, the sample does not respond to the doping by generating native defects. Once the sample
is cool and defect creation would necessarily be very slew, one can remove the H by first converting the + or
- ions to neutral H with radiation that produces electron-hole pairs. The neutral H will diffuse long distances and
will eventually reach the sample surface or internal voids. When pairs of neutral H atoms meet on a free surface.
they will desorb as the gas. The shallow dopants are left uncompensated in the wide gap host which can not

respond in practical times.
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Abstract. We devise a simple theory for the temperature dependence of the valence and
conduction band offsets in semiconductor heterojunctions using the thermodynamic point
of view. The temperature dependencies of the offsets originate from the separate con-
tributions of holes in the valence bands and of electrons in the conduction bands of the two
semiconductors to the temperature dependence of their respective band gaps. We use the
earlier determination of these contributions by Heine and Henry from isotope shifts of
luminescent lines due to impurities. By considering this temperature dependence of the band
offset we suggest an explanation for the discrepancy between the determinations of AlAs—
GaAs valence band offset by Wolford eraf and by Batey and Wright. Whereas for most pairs
of semiconductors the bands move in the same direction with varying temperature. for the
particular case of HgTe~CdTe they move in opposite directions. From this we predict amuch
greater than usual temperature dependence for the band offsets for HgTe-CdTe junctions
and reconcile the major discrepancy between valence band offsets determined by Kowalczvk
et al and by Chow et al.

1. Introduction

With the dramatic advance of semiconductor heterojunction technology [ 1-10] has come
a concomitant increase of interest in the origin [11-18] of the valence and conduction
band offsets. or discontinuities, AE, and AE_, respectively. In spite of the implied
simiplicity in the concept of band offsets. no single theoretical description has been
acknowledged as correct. To add an additional factor to this uncertainty. we wish to
explore the temperature dependence of the band offsets, an issue ignored until raised
by recent experiments {19, 20].

Approaches to the problem of the band offsets divide into two categories: thermo-
dynamic. and electronic structure calculations. In addition to differences in the method
of calculation between the two approaches. there is a difference in the way they view
the small. but detectable. effect of depolarising fields set up around the boundaries of
the samples as a result of dipole layers that are concomitant with those boundaries. The
distinction is particularly clear and acute for the case of the band offset to vacuum. i.e.
for the questions of the ‘work functions’ or ‘ionisation potentials’ of metals or of
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semiconductors. For the purposes of the present paper, which is concerned with the
temperature dependence of the band offsets. the point to keep in mind is that the
effect of depolarising fields on junctions between two semiconductors is small at all
temperatures and. owing to its origin. should be expected to have very little temperature
dependence in the range 0 < T < 310K in which the data we discuss were taken.
However, there seems to be such asemantic disagreement, and some confusion. between
the two camps over this issue that some space must be taken to discuss it. ([11] and [13]
contain previous attempts to resolve these semantic arguments and confusion. )

Those who use thermodynamic approaches are usually concerned with differences
in free energy, chemical potential etc. between bulk phases. For such a consideration.
any junction between two phases is irrelevant; there need not be any junction so long as
they can somehow exchange the energy, particles etc. relevant to the problem. Thus.
with the thermodynamic approach to the band offset (and work function) problems [11-
13, 15}, one ascribes absolute values (usually relative to an idealised ‘vacuum level [11])
to the enthalpies, entropies. and standard free energies of the valerce and conduction
band edge density of states distributions in the equipotential bulk regic o~ each semi-
conductor {21, 22}, when no bias field is applied externally. (Recall that the standard
free energies are the total free energies minus all explicitly concentration dependent
entropy terms; in particular, the entropy terms resuiting from the statistical distribution
of the free carriers among the band states are absent from these standard free energies.
Thurmond has given a particularly clear and authoritative account [21] of this point.
Any good text book contains a general discussion, usually when treating the law of mass
action.) Those who use this thermodynamic approach then define the band offset as
simply the difference between these absolute standard free energies:

AE,(A/B) = E,(A) - E,(B) (1)
AE.(A/B) = E.(A) — E.(B). (2)

The result is, by this definition. independent of crystallographic orientation and tran-
sitive from one material to another: that is, for example,

AE (AlAs/GaAs(110)) = AE (AlAs/GaAs(100)) 3)
AE,(AlAs/GaP) = AE,(AlAs/GaAs) + AE,(GaAs/GaP). (4)
Furthermore, for any pair of semiconductors A and B,
AE,(A/B) — AE.(A/B) = AE_(B) — AE(A) (5)
where
AE, =E.-E, (6)

denotes the band gap, E, is the absolute standard free energy of the valence band edge
distribution. and E_ is the absolute standard free energy of the conduction band edge
distribution.

The fact that, by the thermodynamic approach definition, band offsets must be
independent of orientation and transitive can readily be appreciated by considering. as
in figure 1, the addition of a third material, C, to form junctions to the first two. A and
B. The change in energy. enthalpy. total free energy or standard free energy upon
transferring one carrier from the bulk of A to the bulk of B must be independent of the
path utilised. Thus, the transit may be directly through the A/B junction or through the
A/C junction followed by a path through sampie C and through the C/B junction.
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GaAs

Ge vacuum
GaAs

- AlAs

GaAs

vacuum
Ge

GaAs

Figure 1. The change in energy etc when an electron goes from a particular state at a particular
point in the bulk of Ge 1o a particular state at a particular point in the bulk of GaAs cannot
depend upon the path taken. Thus. the bulk-to-bulk band offset. the definition used by those
who use the thermodynamic approach, cannot depend on the orientation of the junction and
must be a transitive property.

Because this is true regardless of the orientation of either junction or of the material C.
which might be vacuum. itis plain that these bulk-to-bulk band offsets must be transitive
and independent of orientation.

Now, it is well known {11] that when one measures the quantity generally known as
the ‘work function’ of a metallic or semiconducting crystal (e.g. by photoemission). the
result depends upon crystal orientation to a small degree: it depends very sensitively on
the presence of any foreign atoms, e.g. Cs or O, on the surface. It is also well known
{11] that the reason for this is that such experiments do not measure the chemical
potential difference etc between the bulk of the crystal and the vacuum level. but instead
they measure an effective potential energy barrier between a region in the sample near
the surface and a region close above the sample. and because the termination of the
sample at surfaces of various orientation, chemistry and condition produces electrostatic
dipoles that depend upon that orientation, chemistry and condition. These dipoles
produce depolarising fields that extend around the exterior of the sample. and. to a
much smaller degree, extend also within the sample near the surfaces (or junctions).
These fields would be irrelevant to the experimentif the electron were making a transition
from the bulk to the idealised point at infinite separation from the sample and from ail
other charges, but practical experiments do not work that way

Those who use the thermodynamic approach realise. and readily admit, that practical
experiments that measure the ‘work function’ do find a quantity that is neither transitive
nor orientation independent. They distinguish [11~13] the ‘work function’ from the
thermodynamic parameter that they would call the ‘band offset between the sample
material and vacuum’. Some attempt {13} to avoid confusion on this point is made by
calling the thermodynamic ‘band offset to vacuum’ the ‘ionisation potential’. It is quite
atractable problem to extract [11] the ‘ionisation potential’ from an adequate set of data
on the ‘work function’.

Unless the sample is heated so much that its surface chemistry changes or the surface
atoms diffuse enough to change their local surface array, the dipole layer fields that
produce this distinction between ‘work function’ and ‘ionisation potential’ will not
change. If the surface dipoles do not change with T then the magnitude of the distinction
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will not change with T. Thus, the dipole fields will then make no contribution to any
measured dependence on T of either the 'work function’ or the ‘ionisation potential’.

In general, practical junctions between crystalline samples also produce electrostatic
dipoles that also produce fringing, or depolarisation fields. For semiconducting samples
these fields are much weaker than those in vacuum because of the conductivity of the
two solids. However, they do have a finite effect upon the effective barrier a carrier
encounters transiting the junction in a practical experiment. Just as the chemistry of the
surface has much more effect on the ‘work function’ that does the crystal orientation.
the effective barrier at a semiconductor junction is expected to be much more sensitive
to the local chemistry of the interface than to its orientation. (Indeed. the Freeouf-
Woodall and Spicer defect models for Schottky barrier heights attribute a dramatic
effect to a local chemistry at the interface different from that of the bulk sample.) Again.
those with a thermodynamic point of view regard these junction field effects as a minor
nuisance that should be extracted from the raw data in order to determine the true, bulk-
to-bulk band offset, which must be transitive and orientation independent.

With the electronic structure approach [14,16-18], one solves a Schrédinger
equation for the particular chemistry and orientation of the junction as exactly and as
rigorously as possible. With such an approach one has to deal explicitly with the junction
dipole in detail. Those who use this approach regard these dipoles and their depolar-
isation fields with more respect than do those who use the thermodynamic approach.
They generally include their effect when they seek to relate the resuits of their Schro-
dinger equation calculations, which are eigenvalues and not free energies, on the two
sides to AE, and AE.. (The problem of relating eigenvalues to the enthalpies and free
energies of the band density of states distributions is discussed on pages 8 to 18 of [22].)

Thus, with the electronic structure approach, one includes the small effect of the
depolarising field in one’s definition of the ‘band offset’ which is then an effective barrier
height for transit of the carrier. Fortunately, the two approaches are now beginning to
concur [18] with one another in cases like AlAs/GaAs where the close matching of the
lattice constants makes for very simple junctions.

The effective barrier definition of the ‘band offset’ depends on the sample geometry
and the distance of the two reference points from the interface. In general, it can be non-
transitive and orientation dependent. It may be claimed to be more directly related to
the result of practical experiments, but, in our view, it is not nearly so well nor clearly
defined a concept and it is not nearly so easily applied to the question of the temperature
dependence of the band offsets. Again, the reader should keep in mind that. because
these junction dipole fields should not depend on T in the range of the relevant experi-
ments. this distinction between the definitions of ‘band offset’ will have no significance
for any discussion of the temperature dependence of the band offset.

The purpose of the present work is to address the problem of the temperature
dependence of the band offsets. Although it seems not to have been done before. we
will see that this is a very simpie problem if one uses the thermodynamic approach. (It
would appear to be rather difficult from the electronic structure approach.) We see from
equations (1) to (6) that all that is required is a determination of the variation of E, and
E. with T for the two semiconductors that form the junction. Most of what is required
to establish E(T) and E(T) has already been developed and published with reference
to the closely related problem of AE,(T), for which empirical values are established for
most semiconductors [21}.

Also for the problem of dAE_,/d T'there is a simple thermodynamic approach [22. 23]
which avoids the difficulties of electronic structure calculations. One notes that the
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explicit effect of T on the electronic eigenvalues is a very small part of the total dAE,/
dT (as can be determined from the coefficient of thermal expansion and the pressure
dependence of AE_,) and the vast majority of the effect comes from the electron—phonon
interaction. The electron~phonon interaction can be evaluated by considering the small
perturbative effect upon the phonons of the thermally excited electrons, the e, and
holes, the h,, which are never more {21] than 1 part in 10* of the bonding electron density.
using a simple bond-charge theory [24, 25] of phonon energies. This approach has been
shown to give quantitative agreement with experiment for the phonon frequencies [26],
as well as for AE_(T), up to the melting points of Si and Ge. (Of course. there is
also an electronic structure approach [27] which considers the massive perturbation of
(vibronic) electronic levels by phonons, which are several times more numerous than
are host atoms. These two approaches now concur rather well.)

2. Temperature dependence of band offset

With the thermodynamicapproach |21, 22] one readily sees that for most semiconductors
AE,, decreases with increasing T because the thermal excitation of both the e. and
h, softens transverse acoustic phonon modes by (respectively) putting charge into
antibonding states in the conduction band and taking it away from bonding states in the
valence band. This results in a large positive (standard) entropy. AS.,. for the reaction
[21.22] that thermally excites the e, and h,,

Oee.+h, AE,,. (7)

As AE,_, is the (standard) chemical potential for e, + h, pairs, it is equal to a free energy
and follows the universal relation [21] of Gibbs

AE(T)= AH(T) - TAS.(T) (8)

where AH_, isthe corresponding (standard) enthalpy of the reaction. AE . (T), AH(T).
and AS.(T), as determined by Thurmond in [21] for the case of GaAs are plotted in
figure 2. Note that basic considerations of thermodynamics require that AS (T = 0 K) =
0.andif AS,, > 0for T>0.thend AE(T)/dT <0andd AH(T)/dT > 0.

GaAs
16} Bhey
i AE,, AS.
_ 2t {6
>
3 -
£
< 08} Lz
F ot {0
<3
0.6 12
Figure 2. The empirical variation with tem-
perature. as determined by Thurmond
[21]. of the free energy. the enthalpy. and

. " N 0
0 Loo 800 1200 the entropy of the band gap. i.e. of the
T creation of a pair of free carriers. in GaAs.
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Where AS,, denotes the combined effect of one e. and one h,, it is sometimes possible
to separate the two effects by observing the isotope shifts of zero-phonon optical
transitions due to impurities {28, 29]. One may deduce from the isotope shift the local
softening effect on the phonon modes about the impurity when one electron or one hole
localises into a state about the impurity. Heine and Henry studied this problem [28] for
several semiconductors, particularly GaP and ZnO. They concluded that. at least for
these cases, a hole is almost four times as effective in softening phonons as is an electron.
That is

S, =3.6=x1)S, {9)
with
AS, =S, + Sy (10)

As suggested by Heine and Henry, we assume that this distribution of the weight of the
two contributions is essentially the same for all tetrahedrally bonded semiconductors.

Letusnow define the band offset problem in thermodynamic terms. (Care is required
not to make a sign error.) We have the two semiconductors. A and B. and consider the
reaction that transfers an e. from B to A at the cost of free energy AE(A/B),

A:0,Be; 2 Ae;,B:0 AE (A/B) = E.(A) - E.(B). (11)

We also have the reaction that transfers a h, from B to A at the cost of free energy
—AE,(A/B) (note the effect of the difference in the sign of the charge of the h, and the

e},
A:0.B:h{ > A:h! . B:0 -AE,(A/B)= E,(A) - E.(B). (12)

The vacuum level. or any other reference state. R. may be introduced by breaking these
reactions into two parts, i.e.

B:e,.R:0=>B:0,Rie” (13)
followed by

Rie”". A0 R0, Ate. (14)
and correspondingly for the hole reaction. Adding reactions (11) and (12), we have
A:0.Be; +hy > Ae] +hJ B0 AE.(A/B) - AE,(A/B) (15)
which immediately implies

AE.(A) — AE.(B) = AE.(A/B) - AE,(A/B) (16)

as claimed above at equation (5). When we differentiate equation (16) with respect to
T. we have

d AE.(A)/dT - dAE(B)/dT =d AE.(A/B)/dT — d AE,(A/B)/dT. (17)

Now we recall the basic thermodynamic identity that the entropy is the negative of the
derivative of the corresponding free energy (or chemical potential) with respect to 7. so

S.(A) = —dE.(A)/dT S.(A) = —dE(A)/dT (18)

and. of course. the same for B while for the band gaps themseives
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AS.(A) = ~dE_(A)/dT. (19)
Finally, when we compare equation (10) with (18), we have the interesting result that
Se+Shv=5.-8, (20)
or
S.=AS_., + 5, 21

This merely states the fact that. in order for the band gap to decrease with rising 7. the
absolute free energy £, must fall faster than the absolute free energy E, by AS,,. Thisis
illustrated in figure 3 for the cases of GaAs and AlAs.

We now introduce the physical assumption of equation (9), that the fraction of AS,,
due to h, is a constant 77% (=5) for all tetrahedrally bonded semiconductors. and we
equate this with S,:

S, =38, (22)
so we have

d AE.(A/B)/dT =0.77 (= 0.05)(d AE.(A)/dT —d AE_ (B)/dT). (23)

While equation (22) is attractive on intuitive physical grounds. it is not clear whether it
is rigorously exact. The biggest problem is that it assumes that the effect on the lattice
modes of a localised hole or electron. as observed in the isotope shift experiments [28].
is the same as that of a delocalised h, or e. in the band edge density of state distribution.
Van Vechten and Thurmond have argued that this should be so to a good approximation
(22. 29] and correlated it to the proposition that for any tetrahedral semiconductor the
temperature dependence of the various direct band gaps in the optical spectrum (the
fundamental gap and all higher gaps) should be the same. (This implies that a delocalised
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state at any point in the Brillouin zone has the same effect on the lattice, so the effect of
a localised state, having components from many points in the zone. would also be the
same.) What experiments have been done to test this hypothesis [30] (on Si) support it.
Aside from this problem ot a possible distinction between localised and delocalised
carriers, one can question the consequences of the possible alternative assumptions that
S, < §yor8, > §;,. If S, < Sy, one would have to conclude that the addition of antibonding
charge. i.e. the e.. someshow stiffens the lattice relative to the degree indicated by the
isotope shift experiments—so the entropy of the valence band edge distribution could
be reduced. This seems most unlikely. If §, > §,,, then there must be some contribution
to the entropy of both the valence and conduction band density of states bevond that
due to the lattice modes. (Recall the quantitative description of the variation of the mode
frequencies [26] to the melting points of Si and Ge.) No source of such a contribution is

apparent.
Let us now note the consequence of equations (21), (22) and (23) for AE:
d AE.(A/B)/dT = 1.77 (= 0.05)(d AE.(A)/dT —d AE(B)/dT). (24)

Furthermore. because AHy and AH, are connencted by thermodynamic identities [21]
to ASand AE and AE:

d AH,(A/B)/dT = 0.77 (= 0.05)(d AH(A)/dT —d AH_(B)/dT) 29)
and
d AH (A/B)/dT =1L77(= 0.05)(d AH,(A)/dT —d AH(B)/dT). (26)

To carry this discussion any further, we must consider specific cases. We find data
adquate for a discussion available for two cases—those of GaAs—AlAs junctions and of
HgTe-CdTe functions, and that these generally support the foregoing simple theory.

3. The case of AlAs—-GaAs

In the AlAs-GaAs heterojunction. E, for GaAs is higher [31] than for AlAsat T = 0.
It was found in [32] that d AE,/d T is a linear function of the mole fraction of Alin the
Al Ga, _ As alloy system for x < 0.50. We use their extrapolation to AlAs, which
concluded that d AE.,/d T for AlAs is 1.6 = 0.2 times that for GaAs. Consequently.
E (GaAs) will decrease with rising T more slowly than will £,(AlAs), and AE (GaAs/
AlAs) will become larger. (See figure 3.) However, AH,(GaAs/AlAs). which equals
AE (GaAs/AlAs)at T = 0 K. willdecrease with rising T because H,(GaAs) will increase
more slowly than H,(AlAs).

Consider now what empirical information relevant to the simple theory of equations
(23) and (24) is available. The theory implies that for most cases dEv(A/B)/dT and
dE_(A/B)/dT are both small because the dAE_{(A)/dT = dAE_(B)/dT for most pairs
of semiconductors A and B. Furthermore, the total vanation of AE£_(A) over the range
of accurate experiments, generally from T = 0 K to 300 K. is not much larger than the
experimental uncertainty in AE(A/B) or AE(A/B). (For GaAs. AE(T=
OK)- AE(T=295K)=94meV. while AH(T=295K)-AH(T=0K)=
39 meV.)This is certainly consistent with the fact that the authors have not been able to
find any explicit discussion of the temperature dependence of band offsets in the previous
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literature. However. one can look at discrepancies in determinations made at different
values of T.

The case of AlAs-GaAs heterojunctions has probably been studied more carefully
and with better prepared samples than any other. For the cases Al,Ga,; _ As alloys on
GaAs, Wolford er al determined [31] that AE(T = 8K) = 110 = 8 meV for GaAs—
Aly 3GagnAsand AE(T = 8 K) = 320 = 10 meV for GaAs—Aly 10Gag 50As. They used
optical methods, it is shown in {22} that such optical experiments do in fact measure
chemical potentials and thus. as Wolford eral imply, do determine AEs or AE s rather
than AH,s or AH_s. Another careful determination of similarly well prepared samples
was made {33] for higher T by Batey and Wright. They studied the thermionic emission
of h,s across the junction in p-type material as a function of alloy composition and of T
for the interval 79.6 K to 294.4K. They concluded that

AE,(GaAs/Al,Ga,_,As) = 0.55x eV (£ 20 — 40 meV) (27)

where x is the mole fraction of Al in the alloy. This implies that AE, = 154 = 30 meV
for GaAs-Aly sGay »As in contrast to Wolford and co-workers’ 110 = 8 meV, and
385 = 30 meV for GaAs—Aly 1pGag 3pAs in contrast to 320 = 10 meV.

Batey and Wright obtained equation (27) by fitting their data for the thermionic
emission current, J,, with a Richardson equation

J, = A*T? exp(—@/kT) (28)

where A* is the Richardson constant and s the activation barrier for holes. The limit of
@ as bias voltage goes to zero can be simply related to AE, . if, as Batey and Wright did.
one takes account of the temperature variation of the Fermi level. However, in their
analysis of Arrhenius plots of ¢ versus 1/T. AE, was treated as if it were independent
of T. A reanalysis of the raw data including the expected variation of AE, (and thus of
@) with T'is required.

Although the issue may now be unresolvable, we can discuss the implications of the
temperature dependence of AE, regarding a reconciliation of these two experiments.
First let us note that, since ¢ is a free energy barrier, as is AE,, Batey and Wright should
have measured a larger value than Woiford er al simply because. as noted above, the
facts that dAE,,/d T is greater for AlAs than for GaAs and that E(GaAs) > E (AlAs)
imply that AE,(GaAs/AlAs) increases with T. For the case of the 70% AlAs alloy. we
have

AE (T=0K) - AE(T=295K) =94(1 +0.7(0.6 £ 0.2)) meV = 134 = 13 meV.
(29)

Thus. AE,, decreases by 40 = 13 meV more in the alloy than in pure GaAs and. by our
argument, 77 = 5% of this difference occurs at the valence band edge. Thus. we predict
that AE, should be as much as 31 = 10 meV greater at 295 K that at 0 K. Depending on
the detatis of Batey and Wright s analysis of their data. then one sees that the expected
variation of AE, with T accounts for 31 = 10 meV of the 65 = 40 meV discrepancy
between that determination and the optical experiment [31] at a constant T = 8§ K.

A final resolution of this descrepancy will require a reanalysis of the raw data of the
thermionic emission study. which is not available to the present authors. However. it
would appear that the consequences of the variation of AE, with t have the approximate
magnitude and arguably the correct sign to reconcile these two fine experiments [31. 33].
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4. The case of HgTe-CdTe

Let us turn to a case where the effect of T'should be expected to be larger and to be more
clearly recognised. Such a case, where the offsets have also received much experimental
attention, is the HgTe-CdTe heterojunction {19, 20, 34, 35]. There is a large literature
on this heterojunction due to the effort to develop infra-red devices based upon it.

The reader should note that, because HgTe is asemimetal, the antibonding-s T, level
lies below the bonding-p I'; level. However, by convention, one continues to label I’y as
‘E’andI'gas‘E,.

Kowalczyk er al concluded from a room temperature optical experiment [34] that
AE (HgTe/CdTe) = 0.35 = 0.06 eV, i.e. that the HgTe valence band edge is higher
than that of CdTe by this amount. This conclusion has been controversial because
while others have repeated Kowalczyk and co-workers’ experiment [36], several other
determinations of the band offset have implied values an order of magnitude lower (see
the discussion in [19}).

First we note that the experiments giving the smaller values for AE, were all done at
low temperatures (around 4 K). Some of these estimated A E, from the optical properties
of superlattice structures. The methods used for those inferences are somewhat con-
troversial. We choose to avoid that controversy by instead basing our discussion on
estimates of AE, derived entirely from electronic transport measurements [37]. Chow
eral deduced [35] AE,(HgTe/CdTe) < 0.10 eV at T = 4 K using the same structure that
demonstrated {20] AE,(HgTe/CdTe) = 0.35 = 0.06 eV at T = 300 K, consistent with
(34]. In particular, they demonstrated negative differential resistance in Hgg 75Cd, »-Te/
CdTe junctiondevice[35]at T = 4 K and argued forcefully that this observation requires
AE,(HgTe/CdTe) <0.10eV.

We now consider whether the discrepancy in AE,(HgTe/CdTe) can be ascribed to
the expected temperature variation of the two E,;s. We first note that HgTe has the
property d AE.,/d T > 0 in sharp contrast to the d AE.,/d T < 0 behaviour of CdTe.
GaAs, AlAs, Si, and most other semiconductors. As shown by Heine and Van Vechten,
thisis because [23] the top of the valence band in HgTe consists of states with antibonding-
scharacter. rather than bonding-p character as with the other semiconductors: the states
at the bottom of the conduction band have bonding-p character. Thus, the effect of
thermally excited e.s and h,s is to stiffen, rather than to soften. the phonon modes as
AS., < 0. This means that for HgTe, and its alloys, E, rises with increasing T while for
CdTe. E, falls. (See figure 4.) It then follows from equation (23) that if
E (HgTe) > E,(CdTe) at T = 0, then AE,(HgTe/CdTe) will increase rapidly with T for
T>0.(If E(HgTe) < E(CdTe) at T = 0, then with increasing T they would cross and
E,(HgTe) will rapidly rise above E,(CdTe).) The variation is particularly rapid because
both terms in equation (23) are positive: there is no cancellation between them. Indeed.
we expect

AE,(HgTe/CdTe, T = 300K) - AE (HgTe/CdTe, T = 0K)
=0.77[(AE.(HgTe. T = 300 K)

— AE.(HgTe. T =0K)) + (AE,(CdTe. T = 0K)
- AE(CdTe. T = 300 K))). (30)

To be quantitative. AE,(HgTe) increases [38] by about 0.160 eV between 0 and 300 K
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Figure 4. Vaniation with T of the valence and conduction band edge free energies for HgTe-
CdTe. In this figure we have assumed AE (HgTe/CdTe) = 50 meV at T =0K and the
variation with T of AE,, for both HgTe and CdTe to be as reported in [38]. The HgTe bands
are labelled according to the prevailing ‘negative band gap’ convention also used in [34-39).
Thus. the antibonding-s I, level. which corresponds to the bottom of the conduction band
in CdTe (and in GaAs). is labelled *E." even though it lies below the bonding-p [\ level.
which corresponds to the top of the valence band in CdTe (and in GaAs. AlAs etc). and
which is labelled "E,’. The AE, values quoted are indeed the differences of the I'; levels
across the junction.

while AE_(CdTe) decreases [38] about 0.161 eV. Thus, the expected variation of AE,
1s

AE,(HgTe/CdTe, T = 300K) — AE,(HgTe/CdTe, T=0K) = 0.247eV. (31)

To this can be added the effect of the alloy variation of E,; Chow er al set their lower
limit E, on the basis of a 78% Hg alloy rather than for pure HgTe. Approximating the
variation of the E, as linear, we estimate thatif AE (T = 0) = 0.10 eV for the 78 % alloy,
as Chow eralallow. thenitis0.13 eV for pure HgTe. (This should be a small overestimate
due to the alloy disorder induced bowing of the band edges [22. 38].) We would then
calculate

AE,(HgTe/CdTe. T=300K) =0.13 + 0.25 = 0.38 eV (32)

which is even larger than estimated by Kowalczyk er a/ but within their error limit.
AE.(HgTe/CdTe. T = 300K) = 0.35 = 0.06 eV. Obviously. the value calculated at
equation {32) can be reduced by allowing for the alloy bowing (an effect estimated to be
roughiy 0.01 eV) and by assuming AE (T = 0) to be less than the maximum allowed by
Chow et al. In addition. the variation of AE_(CdTe) may be less than reported in [38]
and assumed here. Zanio reported [39] the variation to be only 0.10 eV from 0 to 300 K.
which would reduce the estimate of equation (32) to 0.33 eV.
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5. Summary

We conclude that this variation with T is the likely explanation for the discrepancy
between the experimental determinations of AE,(HgTe/CdTe) by Chow et a/ and by
Kowalczyk er al; both results can be quite correct. Furthermore, the very simple theory
proposed here is consistent with all data available to us.

We have presented the thermodynamic perspective on the temperature dependence
of the band offsets in heterojunctions. We have argued that the magnitude of the
vanation is directly proportional to the difference in the band gap temperature variation.
The HgTe—CdTe and AlAs-GaAs systems were specifically discussed, but extensions
to other materials combinations and to the effect of pressure on the band offsets follow
in similar fashion.
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ABSTRACT

Using a thermodynamic approach, we examine the role thermal expansion

plays in determining the temperature dependence of band gaps and band offsets.

Because of the large variation in the standard volume of electrons (or,

equivalently, variation in conduction band deformation potential) with symmetry

of the conduction band, most of the band gap temperature variation can be

ascribed to the valence band for the X gap, while the variation is more equitably

divided between the conduction and valence band for the I band gap. The

particulars of the AlAs/GaAs system are examined in detail, where we find

evidence that X electrons have a larger electron-phonon entropy than I electrons,

and that the lowest conduction band offset exhibits considerable temperature

variation.




Many device concepts make usc of transitions between energy levels in
semiconductor structures. Given that a real device will usually have to operate
over some temperature range, understanding of the temperature dependence of
the energy levels is key to furthering the technology of such a device. While the
temperature dependences of band gaps are well known, only recently have the
temperature dependences of the band offsets that play a crucial role in quantum
well and other heterostructure devices been investigated!l.2. Here we elaborate on
our previous exposition by including a discussion of the role thermal expansion
effects play in the temperature dependences of band offsets.

Our approach has been to apply the insights derived from the bond charge
model of the solid3:4 to a thermodynamic analysis of the problem. We begin by
introducing the thermodynamics of energy gaps as first discussed by Brooks (Ref.
5), Thurmond (Ref. 6) and others (Ref. 7). The band gap AE.y, is defined as the
standard free energy of formation for an electron-hole pair;

0 — ech + hyp; AEcy (D),

where ecp refers to an electron in the conduction band and hyy refers to a hole in
the valence band.

In the conventional, single electron band diagram picture, AE.y is defined as
the difference between the conduction band edge E., and the valence band edge E,.
This view is reconciled with Eq. (1) if we remember thermodynamic values are
defined for a statistical ensemble, while most one electron energy band
calculations are defined for T = OK (Ref. 7). Also, a profound difference exists
between terms such as the “total (free) energy” used in association with
numerical calculations of a system and the “standard free energy change” of a
reaction such as Eq. (1) above.

To investigate the temperature dependence of the band edges (and ultimately
the band offset), we divide Eq. (1) into two parts:

hyac = hyb, -Ey (2), and

€vac = €ch, E. (3).

Now hyac and eyac refer to holes and electrons in some reference state, typically as
we’ll describe below, the vacuum level.

We further convert Eq. (2) into Eq. (2a), describing the hole transition from the
electron’s perspective as

€vb = €vacs -Ey (2a),
to help avoid making any sign errors or misinterpretations. Many such

opportunities arise when trying to interpret thermodynamic relationships in
terms of a one-electron energy level diagram or when trying to understand




electron energy levels in a thermodynamic context. We also have left out the “A”
in front of the free energy changes for Eqs. (2-3) partially to avoid confusion with
band offsets and partially to anticipate a connection with the individual band
edges. Still, E; and Ey are not single electron energy states, but are instead the
free energy of reaction required to place an electron or hole in their standard
state, which as Ref. 6 describes, is the conduction band edge or valence band edge,
respectively.

Therefore, the reassuring sum of Eq. (2) and (3) is
AEcy = Ec - Ey, (4),

To assign electron energy levels, some reference level must be postulated that can
interact with the semiconductor so as to leave the electron in the desired state.
Traditionally the vacuum level, defined as the energy of an electron an infinite
distance away from the sample, serves as this reference. Experimentally, the
vacuum reference level is hopelessly inaccessible; surface dipole layers
complicate the experimental measurement of this level and image and other
electrostatic forces associated with the rearrangement of charge also obscure
experiments8. Therefore, the vacuum reference serves as an ideal rather than a
real level with the concomitant implication that the band edges, band gaps and
band offsets are idealized, intrinsic bulk properties independent of surfaces and
interfaces. It should be noted that evidence is mounting about the strong role of
the surface and interface in such properties as band offsets. However, recent
studiesd-11 have also suggested that certain deep impurities in semiconductors
can serve suitably well as this reference level.

Figure 1 summarizes the ideas used in deriving Eqgs. (1-4) for a conventional
semiconductor such as GaAs or AlAs. In Fig. 1, we qualitatively depict the
temperature dependence of the standard free energy of formation for the indicated
reactions based on the vacuum level as the reference level. We note that Eq. (2a)
is not a spontaneous reaction and therefore has a positive standard free energy,
while the reverse is true for Eq. (3). Thus, E. and Ey are negative quantities with

respect to the vacuum level. In addition, AE.y, Ey and E. will all follow Gibb's
equation;

AEcv = AHcv - TASCV . (5).

Here, AH,y is the standard enthalpy and AS.y, the standard entropy of formation
for electron-hole pairs. Again, we need to make careful distinctions between
assessments of standard internal energy, free enthalpy, or free entropy and the
T=0K solutions to Schridinger’s equation when discussing these issues.

Standard Entropy and Standard Volume of Formation

Once the connection is made between the single electron eigenvalues and the
thermodynamic quantities actually measured by experiments, we can begin to




understand their temperature and pressure dependences. The temperature
dependence of AE,y is defined by the relationship

aT |p -AScy. (6).

The corresponding relationship for the pressure dependence of AE.y is given

by

dP

= Ach. (7)

where AVy.is the standard volume change for creation of an electron-hole pair.
Before we begin our discussion of band offsets and the individual contributions of
electrons and holes, it is useful to further review the thermodynamics of band

gaps.
Separation of Electron-Phonon and Thermal Expansion Components

Under the constant pressure conditions of most experiments, the standard
entropy is given by

dAEy IAE.y V| JAE.|

"TAT [p=Se = T3r v Fme v I ®,
_ 0AEgy dV| dP| OAEy (82)
79T v 9Tjpavir oP |r

1 9V : . : :
where 37 Tl = 3ap, with ap the linear expansion coefficient at constant

dP
pressure, and V 3V

inverse negative of the isothermal compressibility (the ratio of the adiabatic bulk
modulus, B, to the isothermal bulk modulus, Bg/Pr is given by Cp/Cy exactly or by

(1+Ty3ap) for an isotropic Debye solid, where ¥ is the Gruineissen constant and Cy
and Cy, are the heat capacities at constant pressure and volume, respectively.
Both factors both near 1 for semiconductors like GaAs). The two terms on the
right hand side of Eq. (8) are somewhat imprecisely referred to as the electron-
phonon entropy and the thermal expansion entropy respectively.

= -Br, the negative of the isothermal bulk modulus or the




Previouslyl2, we investigated the first term on the right of Eq. (8), the electron
phonon contribution to the entropy. We pointed out that earlier analyses!2 of
experiments done at liquid Helium temperatures, show that if we write

aAECV V = Se(elec-phon) + sh(ele(:‘phon) (9),

Asw(elec-phon) = -
where S, is the standard free entropy of an electron and Sj, the standard free
entropy of a hole, then for GaP, the relationship

Sp(elec-phon) = 3 6(+1)S,(elec-phon) (10)

holds. A larger hole than electron contribution to ASy(elec-phon) jg not only
consistent with recent theoretical calculations on Si and Gel3 but is understood in
terms of the bond charge model as arising from the sensitivity of TA phonons to
the charge present in the bond14 and from the lack of coupling between TA
phonons and spherically symmetric electron states. Thus, removing an electron
from a bonding state softens the lattice much more than placmg an electron in an
antibonding state.

Using Eq. (4), we have

d(E, - dE. dE |
Se + Sh =- (STEV)*ch* aT an

or, combining with Eq. (10),

Sp(elec-phon) = .0.77(+0.05) agg""

aAEcv

Se(elec-phon) = .0 23(+0.05) =57 (12).

If we now consider what happens at band offsets, we can follow Ref. 2 and
write the reaction for the transfer of an e-h pair from semiconductor B to
semiconductor A as:

A:0, B:(e¢+hy*) - A:i(ec+hy*), B:0 AE(A/B) + AE(A/B) (13),

with the reaction described by Eq. (13) broken down into two half-reactions at the
band edges:

A:0, B:hyp = Athyp, B:O AE\(A/B) = -(E\(A) - Ey(B)) (14), and

A:0, Biech — Acegp, B:0 AE(A/B) = E.(A) - E.(B) (15).




In order to extend our discussion to band offsets, we must separate out the
thermal expansion contribution of each band edge. When discussing the
variation of band edges with applied stress, it is common to use the deformation
potential conceptl6. That is equally applicable here since:

9AE|
T OP |T

JP
p dV

ASc,(Therm Expan) = . av

oT

= SaPﬁTAch = '3aPacv (20)

where a.y is the band gap deformation potential. We list the following useful
relations to connect the more familiar deformation potential with our concept of
standard volume:

Qecvy=4ac¢-ay = -ﬁTAch = -BT(Ve+ V1) (21),
% = AVey = Ve+vh=%§_% (22), and
a._, _ dE

By =Ve=

ay dE,

ook AP 7 S e 4 (23).

Br~ PT P

Our observation shall be that a¢, the conduction band deformation potential,
varies strongly with the symmetry of the conduction band involved. Therefore, the
standard volume of creation of electrons also will depend on the conduction band
involved and the thermal expansion contribution to the entropy of conduction band
states also will vary accordingly.

First, let us make the point that these volumes are readily observable effects.
Several experimental results that involve placing free carriers in the
semiconductor show measurable volume changes to the crystal as a whole
consistent with the appropriate deformation potential/standard volume. For
instance, generation of electron-hole pairs through illuminationl7.18, doping of
semiconductors n- or p-typel9.20 and the transitions involving defects21.22 all
result in measurable expansion or contraction of the lattice. Thus we may

(somewhat imprecisely) speak of AV, as the volume of an electron-hole pair and
Ve and Vy, as the volume of an electron and hole respectively.

To summarize by combining the results of this section with the results of the
previous section, for a given semiconductor, we may write:

AS¢y(tota) = AS(elec-phon) 4 30pBTAV,y,
Se(tota) = S, (elec-phon) 4+ 30pPBrV,, and




Sh(teta) = Sy (elec-phon) 4 30pBTVy, (24)

for the band gap and

ASA/B) = SA(elec-phon)-SeB(elec-phon) + 30pABTAVEA - 3apBBTBV B
ASAB) = SpA(elec-phon)-ShB(elec-phon) + 3apABTAVLA - 30pBRTBVLE  (25)

for the band offsets.
According to the “Empirical Rule,”15 the following relationships for the

various conduction band gaps generally hold true for III-V (and other)
semiconductors:

AVe(D) = 12-15%3 = 19-24 A3
AV (X) = -1.5’;1‘% =-2.4 A3
AVey(L) = 5{3—‘2‘; = 8AS,

The band gap deformation potentials then vary according to Eq. (21). Enough
data exists on the band edge deformation potentials to suggest a.! is large and
negative, acX is small and a.l is moderately negative. The data on ay clearly
suggest it is small, but are mixed on the sign. We choose to believe ay has a small
negative sign (and therefore Vi < 0) based on three different arguments: If PV
work was done on a semiconductor at 0K, one would expect the valence electrons
to have some compressibility and to therefore store some energy. Therefore, a
transition involving a valence band would decrease in absolute free energy as
pressure is applied to the semiconductor. This is equivalent to saying dE,/dP > 0
or that a hole has negative volume. The second argument states that the zone
center valence band edge states are p-type bonding states. Upon removal of
charge from such a state, the atoms will move closer since the sp3 states
comprising the rest of the lattice have a smaller bond length23. Finally, an
analysis of the data for p-type doping of GaAs:Ge (Ref. 24) and for Si:B (as
described in Ref. 25) and Si:Ga (Ref. 26) support the negative magnitude for those
two semiconductors. Accordingly, in our analysis, we favored the theoretical
determination of ay by of Cardona and Christensen26 over those of Van De
Walle29. In this work, a, was obtained by adding this ay to the experimentally
determined acy, since excellent data based on diamond anvil cell experiments are
now becoming available30. But, it should be noted that the recent determinations
of ac by Cargill, et al (Ref 27) and of ay by Nolte, et al.(Ref. 28), support a positive
sign for ay in Si.

Band Gaps




We choose the AlxGaj.xAs system for our study. That system has the best
characterized set of parameters. It is usual for the temperature dependence of
each band gap to be expressed using the Varshni3! form as,

al'T2
(B+TY

AET(T) = AET(0) -

where ai and B are the so-called Varshni coefficients for the ith band gap (B is
taken as independent of band gap). While B is associated with the Debye
temperature® and does not vary in a given semiconductor with the symmetry of

the band gap, « does depend on the symmetry of the band gap involved (see
discussion in Ref. 32). However, since we can write

dAEey _ _ B
—qr = e = “[I'(mmﬂ’

and since it is a reasonable first assumption’ that AS.y(elec-phon) is independent
of conduction band symmetry (since holes are much more effective at softening
the lattice than an electron), we can subtract out the electron-phonon contribution
from two different bands in the same semiconductor to obtain:

ASeyX - ASey' = 3atp (acT -acX)

_ B
= (ol - ax{l - ((B+T)ﬂ (28)

Above the Debye temperature, we see that

3ophigh T) (a I -aX) = (af - aX) (29),

which is a remarkable relationship connecting the difference in the Varshni o
coefficients to the difference in the conduction band deformation potentials.
Figure 3 investigates these and other considerations for the AlyGaj.xAs system.
Here we plot the total entropy for the I' and X band gaps in Al,Ga1.xAs as a
function of Al composition, x. By subtracting off the thermal expansion
component, we are left with the electron-phonon contribution alone, that is then
fitted to a second order polynomial. Our assumption that AS,(elec-phon) jg
independent of band gap is supported for AlAs and for Al compositions above the
I' - X crossing, but some discrepancy arises for low Al compositions and GaAs. It

appears that AS.y(elec-phon) ig larger for X band transitions than for I' band
transitions in GaAs. In the bond charge model, since both transitions involve
removal of charge from the valence bond, this difference must be due to the
different nature of the conduction band antibonding states. Furthermore, TA
phonons are assumed to be the primarily responsible for the increase in entropy
with increasing temperaturel4. Since TA phonons do not couple to spherically




symmetric electron states, this model would predict almost no Sefelec-phon) for ['g
electrons. The experimental evidence at the GaAs end of the Al,Gaj.xAs system

supports this hypothesis; the I'g electron states in GaAs are less effective than the
Xg,7 states in softening the lattice. Thus we propose that while Eq. (10) holds for
Xg,7 electrons (as one might expect since it was measured for GaP), the factor

appears even larger for ['g electrons. Again, however, we must caution that in
AlAs, it appears that Eq. (10) holds for both conduction bands. Finally, there also

is some evidence supporting a bowing of ASy(¢lec-thon) in the alloy, but it might be
equally well attributed to bowing due to the various parameters contributing to

ASy(therm exp)  Table I details the sources for the parameters used.

Also not often noted is that because of the different deformation potentials
associated with the different band gaps, AlyGaj.xAs will have a discontinuity in
the temperature dependence of the bandgap at the direct-indirect crossover. This
is in contrast to the linear interpolation typically applied to this system33.

Band Offsets

The band offsets for the case of the pure binary compounds, AlAs/GaAs, were
also studied. We assumed Eq. (10) to hold for all temperatures in all positive gap
semiconductors, primarily because of the lack of other data. Here the effects of
the thermal expansion component alter our previous conclusions in two ways.
For any direct gap semiconductor, the large a; means thermal expansion effects
significantly contribute to the temperature dependence of the conduction band.
As Eq. (24) above shows, a large a; (or V) boosts the standard entropy of the
electron. In fact, as Fig. 4 shows, the ratio S¢/Sp, or equivalently (E¢(0K)-
E(MYEWOK)-Ey(T)) approaches unity in a direc* gap semiconductor like GaAs.
However, for AlAs, the small deformation potentials associated with the band
edges places the ratios closer to the values described by Eq. (10) above, with the
valence band dominating the effects as shown in Fig. 5.

Figures 6 and 7 show the temperature dependence of the band offsets between
AlAs and GaAs. Now we see that while AE,AlAs/GaAs shows very little

temperature variation, AE AlAs/GaAs varies by 30meV from 0K to room
temperature.

Conclusions

We have extended our previous considerations of the temperature dependence
of band offsets by including thermal expansion effects. We found that whereas
holes and the valence band produced the largest electron-phonon contribution,
thermal expansion effects are primarily determined by the symmetry of the
conduction band. For a I conduction band, thermal expansion effects make the
overall electron entropy similar in size to holes in the valence band. For X
minima, the hole entropy again dominates, while L minima fall somewhere
between. While the magnitude of the effects predicted are relatively small for the
semiconductors considered here and may be ignored in most cases, they are
comparable to the overall band gap temperature dependences, and therefore, need

10




to be considered when designing any device operating at more than one fixed
temperature.
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Symbol Variable Name GaAs Value AlAs Value
al Varshni Coeff | 5.41x104eVK-1] 7.87x10-4 eVK-!
Ref. 32 fit to Ref. 34
aX Varshni Coeff | 4.60x10-4 eVK-1} 6.0x10-¢ eVK-!
Ref. 32 Ref. 35
B Varshni Coeff 204 K 408K
Ref. 32 Ref. 35
ap(T) Thermal Expan Ref. 32 Ref. 25
coefficient
Br Isothermal Bulk 78.9 GPa 78.1 GPa
Modulus Ref. 32 Ref. 25
AV cy(D) Standard 10.74 meVkbar-!] 10.2 meVkbar-!
Volume Ref. 30 Ref. 33
AV cy(X) Standard -1.34meVkbar-!| -1.34meVkbar-!
Volume Ref. 30 Set equal to GaAs
ay Deformation -1.6 eV -1.2 eV
Potential Ref. 20 Ref. 20
acl Deformation acT=acyl + ay acT=acyl+ay
Potential
acX Deformation ack=acyX + ay acX=acyX + ay
Potential
TABLE I:

This Table indicates the value and sources of the parameters for the
calculations used in Figures 3-6.




FIGURE CAPTIONS:
Figure 1. A qualitative plot of the standard free energies of formation referred to
in Equations 1-4 for a conventional semiconductor such as GaAs or AlAs. The
vacuum level serves as the reference level here and we note that Eq. (2a) has a

positive standard free energy while Eq. (3) has a negative standard free energy.

Figure 2. A plot of the standard volume of formation for a I" electron- hole pair as
a function of the bond length of the III-V compound semiconductor. The
dotted line is a fit to the data, which were obtained from Ref. 25.

Figure 3. The Standard Entropy of Formation for both I'g and X electrons- with I'g
holes in the AlyGaj.xAs system. Thermal expansion compbnents are then
subtracted off to obtain a measure of AS.(electron-phonon) which are then fitted

by second-order polynomials. Data points were obtained from Ref. 32 for GaAs
X and T, Ref. 36 for Alg 18Gag g2As, Ref. 37 for Al,Gaj.4As for x >0.4, and from

Refs. 34 and 35 for AlAs.
Figure 4. Using the procedure outlined in the text, the temperature variation of
the individual band edges of GaAs were obtained. Note that the conduction

band and valence band's change with temperature are nearly equivalent.

Figure 5. Same as F'ig. 3 except for AlAs. Now the valence band shift is much
greater than the conduction band shift.

Figure 6. The valence band offset variation for GaAs/AlAs with temperature.

Figure 7. The conduction band offset variation for GaAs/AlAs with temperature.
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RESOLVING DEFECT MEGA-CONTROVERSY BY GIGA-EVENT MONTE CARLO SIMULATION OF THE MACRO-CONSEQUENCES
OF ATOM-LEVEL ASSUMPTIONS ON MICROCOMPUTERS AT NANO-COST

J. A. Van Vechten, U. Schmid' and N.C. Myers?

Center for Advanced Materials Research, Electrical and Computer Engineering Department,
Oregon State University, Corvallis, OR 97331-3211 USA

After discussing reasons that controversy is so common in this field, we propose a mechanism for
resolving it at very low cost and in reasonable time. We present VIDSIM, a program that simulates
complex defect processes in background on PCs with user specified assumptions. Rates as great as
those for supercomputers are obtained by running several PCs. We illustrate its utility by show-
ing that the consequences of the "kick-out® mechanism for Au diffusion into Si are not at all those

attributed to it in recent literature.

1. INTROOUCTION

1.1. Origins of controversy

As this Conference has made perfectly clear,
control of defects is critical to the progress
of modern electronics. Thus, many people of
diverse background, intuition and mode of work
try to contribute to this science and art.

Most of us begin our attempts by studying
mathematics, physics, and other material sci-
ences. MWe are convinced of the fundamental
truth of, e.g., the Schriédinger equation, but
we also learn that it has been solved exactly
only for cases no more complex than the He
atom; we are told that the finite mass of the
universe and the Heisenberg Uncertairty Princi-
ple imply that memory sufficient to solve the
U a.om wave function exactly can not exist.
Thus, we must make approximations and try out
assumptions. However, mathematics teaches us
two discouraging theorems. First, the Incon-
sistency Theorem teaches us that, if any incon-
sistency is allowed into any logical system,
then any conclusion can be derived from any
assumption. (When challenged by a student to
prove that, given 1 = 2, he was the Pope, the
great British mathematician Bertrand Russell

replied "The Pope and [ are two, tis true, but
if two be one, then the Pope and I are one.")
Thus, the uncontrolled approximations that we
are forced to make introduce an ever present
and unpredictable potential for massive error.
Second, the Incompleteness Theorem teaches us
that our science must contain many true state-
ments which can never be proved in the rigor-
ous, mathematical sense. Evidently, many valid
assumptions will never be verified.

Meanwhile, the semiconductor industry pro-
ceeds with a great many "cut and try" experi-
ments and a vast literature of empirical obser-
vations is generated. In all practical circum-
stances, the problem of the control of defects
in semiconductor devices is a very complex sub~
ject and in many cases there are contradictory
reports. Major controversies rage re almost
every significant semiconductor processes and
product. These include the roles of vacancies
and of self-interstitials in atomic diffusion
in Si and the nature of the self-compensating
EL2 and DX centers in GaAs or AlGaAs. The
consequences for reliability and yield of Targe
misfit strains being designed into Si epi-CMOS,
Si-Ge, and II1I-V heterostructure devices are

'Supported in part by U.S. Air Force Office of Scientific Research under contract AFOSR-89-0309.
tpresent Address: Max Planck Institut Fir Festkorperforschung, Stuttgart, FRG.
‘Present Address: Mentor Graphics, Inc., Beaverton, OR.
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not agreed upon. The subject is characterized
by various assertions of simplifying assump-
tions and appeals to intuition. However, dif-
ferent people have different intuitions as well
as differing opinions re the appropriate ap-
proximation. It is said that only two empiri-
cal laws are well established: a) All experi-
ments measure something; and b) All theories
are wrong, it is just a matter of degree.

1.2. Ab initio methods on supercomputers

Some people try to make progress with ab
initio methods on supercomputers. These are
very expensive machines and highly specialized
skills are required to use them. They are
often used to make “fundamental®" studies of
defects in what is regarded to be a "state of
the art" approximation, such as the local
density functional approximation, LDA.'™

Despite the availability of about 100 super-
computers world-wide (e.g., the Cray XMP or the
1BM 3090 VAP), these efforts have not sufficed
to resolve difficulties that cost large sums of
money. Let us consider why this might be so
for the particular case of the LDA.

The LDA has demonstrated a good ability to
predict bulk ground state properties, such as
the lattice constant and the bulk modulus.>®
However, the LDA is not accurate for quanti-
ties, 1ike the band gap, which involve excited
electronic states; e.g., it predicts the band
gap of Ge and GaAs to be zero.’

It has also been established that when elec~
tron correlation and exchange are treated in an
even better approximation (time dependent
screened Hartree-Fock) than the LDA, a reason-
able band gap is obtained.’® However, these
better calculations are beyond the state of the
art even with the present generation of super-
computers for the treatment of interesting de-
fects in imperfect hosts. Also, Hanke and co-
workers have shown that the problem with the
LDA that leads it to calculate band gaps incor-
rectly is equivalent to an incorrect treatment
of the local electrostatic fields, LEF, within
each unit cell of the host crystal.!'®!? By LEF

we mean the electrostatic field that would act
on an ideal, point test charge. The LEF varies
within the unit cell with spatial components of
all reciprocal lattice vectors and varies in
time with the spectrum of all virtual transi-
tions allowed in the sample, as well as with
the space and time variation of any applied
field.!*15

It is common practice to correct the band
gaps calculated with the LDA by simply displac-
ing the band extrema as needed to agree with
experiment (i.e., to use the "scissors opera-
tor"). However, one should worry that the
correction required for the effect of the true
LEF on the band edge states, which are delocal-
ized throughout the sample, might be entirely
different from those LEF ccrrections appropri-
ate to the tightly localized electronic states
associated with the defects of interest here.
This point has been made before.!!
should be particularly great when one uses LDA
methods to examine problems relevant to this
Conference, e.g., the hypotheses that the EL2
compensation mechanism in GaAs occurs because
of a displacement of an ionized and isolated As
on Ga antisite defect, Aséa, from the ideal
lattice Ga site!® or that the DX self compen-
sation mechanism in AlGaAs results from a dis-
placement of isolated donors.!

Positron annihilation studies, such as those
presented'®!® by Dannefaer et al., serve to
illustrate the problem of the LDA mistreatment
of the LEF. The most complete, first prin-
ciple, LDA calculations of positron properties
in Si and GaAs are probably those of Puska et
al.?® They calculate annihilation Tifetimes for
positrons trapped in single vacancies in rea-

The worry

sonable agreement with experiment; for Si they
calcuiate 254 to 261 ps depending on charge
state while the empirical value'® is about 270
ps and for neutral Ga and As vacancies in GaAs
they calculate 267 and 279 ps compared with an
empirical value of about 260 ps that is about
the same for either.!® This may be taken to
indicate that the LDA calculation obtained the




charge density in the unit cell and about the
vacancies rather accurately. However, as with
the random phase approximation in general, the
LDA method does not get the LEF properly from
this charge distribution.!®!5 Because positron
experiments are done with only one positron in
the sample at a time, and because this positron
need not be orthogonalized to any of the elec-
tron wave functions of the sample, the positron
is an ideal probe of the LEF around the vacancy
cavity where it is trapped. The energy re-
quired to remove the positron from the center
of the vacancy cavity to the interstitial
channel of the perfect host crystal is just the
integral of the LEF over this path and is
called the positron binding energy, E,. Calcu-
lated values for E, in Si range from 1.6 eV for
V¥ to 1.0 eV for V° to 0.5 eV for V¥ while
experiment!® indicates that all values exceed 3
eV. A similar discrepancy occurs for single
vacancies in GaAs.

We conclude that the LDA methods are quite
incapable of determining either the ionization
levels for deep level defects or the defect
energy of formation as a function of atomic
configuration for charged states. These ener-
gies and the activation energies of metastable
configurations related to them have a scale of
2 eV while the improper treatment of the LEF
introduces errors of order 2 eV.

Therefare, it seems that practical progress
will be made only with semi-empirical theories
and with experiment for the foreseeable future.

1.3 Atom-level versus macroscopic defect

information

Information re defects in semiconductors
tends to divide into two classes: a) atom-level
information from optical spectroscopy, spin
spectroscopy,?!-?? capacitance transient spec-
troscopy,?® positron annihilation,'®!® Mgss-
bauer,?*?> atc; and b) macro information re
diffusion and other defect profiles, free car-
rier distributions, lifetime profiles, etc.,
i.e., the parameters directiy relevant to prac-
tical devices. We are here concerned with the
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relation between these two classes. Our posi-
tion is that the latter should be understood in
terms of the former through the application of
thermodynamic reasoning.

The task of making the proper connection
between the atom level properties of known
defects and the macro consequences relevant to
practical devices is very complex. If we take
the case of Si and the established properties
of vacancies therein, vSi’ we note that vSi is
known?'# to: a) have five ionization states
within the band gap; b) exhibit negative-U
properties with respect to its positive (donor)
ionization states; c) exhibit large, symmetry
breaking, Jahn-Teller distortions which imply
a complex elastic field; d) exhibit recombina-
tion enhanced diffusion at low temperatures, T;
e) form divacancies with a large binding energy
that has a long range component as well as a
nearest neighbor component.?® Although we, and
a few others, have tried to deduce the net dif-
fusivity via vacancy hopping processes for Si
and for impurities in Si from the established
atom-level properties of vacancies in Si,2%3!
all such work contains approximations, appeals
to intuition, imposed boundary conditions, pas-
sages to limits, hypotheses, applications of a
selection of results that hold for eguilibrium
to processes, such as diffusion, that are not
equilibrium, etc., etc. The controversy that
exists in this Jliterature illustrates the
Inconsistency Theorem. We have concluded that
only "experimental theory”, i.e., Monte Carlo
simulations, can clarify these issues.

When considering atomic diffusion processes
via vSi’ several workers have sought to avoid
the complication of the thermal distribution Voi
in their various ionization states with differ-
ing activation energies for strictly thermal
hopping and for hopping enhanced by the recom-
bination of the thermally generated electron-
hole pairs,?® with their coulomb and elastic
interactions with atoms and other defects,
etc., etc., by assuming the totality of vacancy
mediated diffusion can be described by one,
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Fermi level dependent diffusivity function, 3™
This function is parameterized with some se-
lected macro data. The method amounts to try-
ing to force a Fickian diffusion formulation
upon the problem despite the fact that it is
well known that diffusion profiles in Si and
other semiconductors deviate markedly from the
simple forms predicted by Fick’s Laws. Recall
that Fick’s formulation of diffusion rests on
three assumptions: a) the things that diffuse
do not change during the process; b) the hops
are uncorrelated one to the next; and c) the
hopping probability is local, i.e., determined
by circumstances in the first few shells of
nearest neighbors about the thing that will hop
with no long range effects such as are produced
by long range coulomb and elastic fields.
While these assumptions may be reasonable for
the case of metals and plausible for the case
of insulators, none of the three is appiicable
for the semiconductors of interest. Hence, it
should be no surprise that observed diffusion
profiles are not as predicted with a simple one
component Fickian model.

Upon noting that their particular one compo-
nent Fickian model for vacancy mediated atomic
diffusion fails to account for empirical data,
some workers propose that the reasonable con-
clusion is that another point defect, a self-
interstitial, Sii, must also be present in con-
centrations sufficient to mediate a major part
of the total diffusivity that is observed.3!™®
However, the information re Si, and other host
and impurity interstitials obtained from atom-
level experiments implies that they are much
too unstable, i.e., have too high energies of
formation, to be important contributors to
thermal diffusion.?:222:335 For this reason,
in the signal paper re this approach Seeger and
Chik proposed®® that the self-interstitial
contributing to thermal diffusion at T >> 300
K is nothing like that produced by irradiation
in many atom-level experiments,?!-?? but instead
is a sort of amorphous "extended interstitial”
that is supposed to be stable only at high T

and only on account of a high entropy. While
this seems to be a still viable hypothesis,’’
most experimental and all theoretical treat-
ments in the recent literature discuss the
self-interstitial as if it were the simple
interstitial, S$1, as produced by irradiation at
a cost of 12 eV displacement energy.

In our view this invocation of thermal dis-
tributions of Si; with parameters adjusted to
empirical macro data in some way is nothing
more than a demon thesis and ought not to be
allowed until after a proper treatment of the
consequences of the various vacancies and
vacancy complexes which are known to be present
at processing temperatures.'® Observations of
the growth of extrinsic dislocation loops is
often claimed to be convincing evidence for Siy,
but that claim was discredited® long ago.
Effects of oxidation upon the rate of diffusion
of dopants has also recently been claimed to
demonstrate that oxidation injects Si; but
studies of the oxidation of Si-Ge alloys show
the Ge to be snow-plowed in front of the oxida-
tion frunt and not distributed either into the
oxide or into the substrate; this demonstrates
that the dominant direction of Si diffusion is
from the bulk to the oxidation front, which
implies that oxidation injects vacancies or
vacancy complexes - not interstitials.®

However, we must admit there are several
groups following Si; approach. We must also
admit that the proper treatment of vacancy
mediated diffusion, or of interstitial mediated
diffusion, will require a huge amount of com—
puting that until now has not been feasible.
It is to make this task feasible that we have
developed, and continue to enhance, a computer
program, VIDSIM = vacancy and interstitial
diffusion simulator,‘®™*? which allows virtually
anyone interested in the subject to test the
macro consequences of whatever atom-level
assumptions he wishes, in background mode, on
one or more microcomputer at almost no cost.
We will provide VIDSIM to anyone requesting it
at the cost of the media plus postage.




1.4 VIDSIM experimental theory

Our approach with VIDSIM to the problem of
establishing the relation between atom-level
assumptions and macro consequences is simple
brute force - a computer experiment on each
theory. One inputs a set of assumptions ade-
quate for the microcomputer, PC, or other
computer, to determine the activation free
energy of any process that one wants to allow,
an initial configuration, T, and a seed for the
random number generator. The PC tabulates the
mean time for anything that can happen at any
point in the present configuration where some-
thing can happen (site of a mobile defect).
The sum of the inverse of these times is the
inverse of the net mean time for something to
happen somewhere. Using the Mean Value Theo-
rem, VIDSIM assumes each step occurs after the
net mean time calculated in this way. Possible
events are assigned a section of the 0 to 1
probability line segment according to their
inverse mean times. The random number genera-
tor selects a number in the 0 to 1 interval and
the particular event to occur after the net
mean time is selected thereby. Then, all pos-
sible events affectea by this event are recon-
sidered and the event table is altered accord-
ingly, the new net mean time is calculated and
the process is repeated as many times as may be
necessary to generate reliable statistics re
the macroscopic process of interest.

It seems that this brute force strategy has
never been seriously attempted before because
it requires so much computing. We demonstrate
herein that it is now quite practical and costs
almost nothing because of the dissemination of
large numbers of PC’s with very impressive
computational power which is grossly under-
utilized worldwide. As of this writing we have
simulated several billion events on several IBM
PC/AT, IBM S2/70 and INTEL 302/25 PC’s. With
such a machine VIDSIM can simulate a sample as
large as 1.4x10'* lattice sites with as many as
8600 defects of which 400 may be mobile (va-
cancies and interstitials). Depending on the
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simulation, VIDSIM will require 120 kb or more
of the 640 kb of main memory available on such
a machine running under DOS for a background
simulation using commercial multitasking soft-
ware such as DoubleDos or DESQview.This leaves
adequate memory for most foreground programs.
We find that, e.g., the IBM S2/70 with 20 MHz
math coprocessor can run VIDSIM about 4% as
fast as it runs on a CRAY XMP. With the mix of
PCs we find idling around in our small univer-
sity department, we have about 75% of a CRAY
XMP available all the time. This means we have
about 6570 XMP equivalent cpu hours per year
available to run VIDSIM and we obtain this re-
source at no cost because the PCs were obtained
on other justifications. We simply fill up the
idle capacity of these machines. It would cost
us about $6.5x10%/year to do the equivalent
calculation on an XMP. Of course, with an XMP,
or any machine with a Jonger word length and
more available RAM, we could simulate larger
samples, but we do not believe this to be nec-
essary.

1.5 Controversy re analytic treatment of

atom assumptions

The alternative to this massive, but now
practical, computing which almost everyone has
previously taken is to deduce analytic expres-
sions for the defect formation, migration and
reaction from the atom-level properties one
decides to ascribe to the defects one assumes
to be present. As noted above this is a very
complex problem for real defects in real semi-
conductors. As all such treatments have in-
voked approximations, assumptions and boundary
conditions, different authors obtain different
analytic expressions for ostensibly the same
situation and there is much controversy.

A clear example of a controversy between
authors attempting to deduce analytic expres-
sions from the same atom-Jlevel assumptions,
which we have chosen to examine with VIDSIM, is
the diffusion of Au into Si according to the
"Frank-Turnbull", FT, mechanism.’**"* The FT

mechanism is a highly simplified version of the
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assumption that Au diffuses into Si only a3s an
interstitial atom, Auy, that it encounters Vsi
and annihilates them to form substitutional Au,
A"Si' No account is taken of the charge states
of Vsi» Augy, or of Au (which are unknown), of
the recombination enhancement of Vs diffusion
(which may be dramatically affected by the AuSi
because this is such an effective lifetime
killer), of the effect of variations of Fermi
level due to surface band bending or Au pro-
file, or of any elastic interactions. With the
FT one assumes there are no Si; and that there
is no diffusion of Au via interchange between
vSi and A"Si nearest neighbors.

Willoughby and co-workers concluded**™® that
the FT was consistent with empirical observa-
tions that: a) the Aug profile from a two-—
sided diffusion is more "U shaped" than the
efrc(x) predicted by the simple Fickian formu-
lation; b) that an asymmetric U shaped profile
is obtained from a one sided diffusion; and c)
that the concentration of A"Si' [A"Si](t)’ in-
creases with time, t, roughly as t!/2. However,
Seeger and co-workers concluded’¥*’ that the FT
cannot conform with observation a) or, in
particular, to c); they conclude that FT must
produce an [AuSi](t) that is linear in t. The
ensuing controversy has raged for many years.

Having concluded that the FT could not ac-
count for cbservations re the diffusion of Au
inte Si, Seeger proposed*’ the "kick-out model”,
KO, to account for the same observations and
deduced analytic expressions for diffusion of
various elements via this mechanism. With the
pure KO one assumes there are no V¢,. Au is
again assumed to diffuse into Si as Auy, but is
assumed to displace host Si atoms to form AUSi,
the only form of Au defect actually observed.
The Si, then diffuses to a free surface or other
sink for interstitials. It is argued that it
is the cut-diffusion of Siy that limits the in-
crease of [Aus§] and that it is the distinction
between this and the in-diffusion of V¢, in the
FT that accounts for the asserted difference in
the functional form of [A"Si](t)' Again the

physics of the problem is greatly simplified by
neglecting any charge state effects of either
Sii or Aui, any Fermi level or recombination en-
hancement effects, and any elastic effects.

We have thoroughly examined the pure KO
mechanism with VIDSIM and present our results
below. We are forced to conclude that the mac-
roscopic consequences of these atom-level as-
sumptions are entirely different from those
ascribed to them by Seeger and in more recent
literature particularly re the three empirical
features of the diffusion of Au into Si noted
above.

Several authors have considered the combined
effect of both vacancies and interstitials,?®™
usually a sum of the FT and KO mechanisms
particularly for the diffusion of dopant ele-
ments into Si. Here also controversy rages.
Starting from essentially the same data and
atom-level model three groups come to entirely
different conclusions. Matiot and Pfister con-
clude that vacancy and interstitial mechanisms
make about equal contributions®® to dopant dif-
fusion in Si, while Yoshida concludes®® that
interstitials make very little contribution and
Fahey et al. conclude® interstitials make domi-
nant contributions.

2. EXPERIMENTS ON THE KO THEORY

Space does not permit a thorough description
of VIDSIM here. The reader is directed for
this to Ref. 40 and 42 and to the program disk
itself, which we are happy to supply at the
cost of the 1.2 Mb disk plus postage. We pro-
vide source codes as well as the compiled
programs, documentation, and instructions.

The disk contains the general program,
VIDSIM.EXE, and a few special cases including
two versions of the KO theory, SIM KO.EXE and
SIM_KI.EXE. These differ on the assumption how
new Aui are injected into the Si. SIM_KO.EXE
assumes a new Aui is injected when a Sii reaches
the surface, i.e., that the Au injection is
"stimulated’ by the arrival of Si;; this keeps
the total number of interstitials in the sample



constant. SIr_ .I.EXE assumes that instead the
injection of Auy is "spontaneous”, i.e., occur-
ring randomly (at a constant average rate) on
the surfaces; this allows the number of inter—
stitials present to vary and seems to us to be
the more reasonable assumption. We have found
no discussion of this point in the KO litera-
ture and have investigated both extreme as—
sumptions. As we find no major qualitative
difference between the two, we suppose the true
situation must 1ie between the two extremes and
conclude that, in fact, it does not make much
difference. Unless otherwise noted, the re-
sults presented here are for the "spontaneous”,
SIM KI simulation. We assumed both Si; and Au,
are bond-centered interstitials; we find not
empirical evidence nor any discussion in the KO
literature on this point and we are convinced
that it makes no qualitative difference to our
results. We account for the sample time, t,
simulated in units of the attempt period of the
lattice at T. Although not firmly established
empirically, the attempt period is generaily,
and we think safely, assumed”’ to be of the
order of the Debye period times an entropy
factor, i.e., of order 1x107'® sec. Uncertainty
in this time unit has no qualitative effect on
our conclusions.

Of course, a critical issue is the sensi-
tivity of the KO result on the values of the
parameters assumed in the simulation. We have
investigated this in what we think is an ex-—
haustive manner, which we now describe. (Any
user can change these parameters however he/she
wishes.) The temperature was fixed at T =
1368.5 K = 1095 C, a value used in typical
experiments. The single bond enthalpy between
two Si atoms was taken from the erthalpy of
melting’’ to be 180 meV; that between two Au
atoms was taken from the enthalpy of meiting of
Au to be 29 meV. (We have checked that the
pure Si crystal melting point comes out cor-
rectly by simulating a sample with a free
surface above and below the true melting point,
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T = 1685 K.) We set the bond enthalpy between
Si and Au to 0 meVv.

For his thesis,*® Schmid concluded from the
KO literature that the enthalpy of formation of
Sii should be 4.4 eV and its enthalpy of migra-
tion should be 0.4 eV. Following the Data-
review'® of Weber, we have taken the enthalpy
of formation of Au; to be 2.5 eV. We took its
enthalpy of migration to be 2.2 eV rather than
Weber’s 0.39 eV; this is a concession to econo-
my of simulation devised and examined in Ref
40. When one starts doing a KO simulation, one
notices that the Sii create a great many unin-
teresting exchange events,

especially when random walking around in rela-
tively Au-free bulk regions. Also the kick-out
exchange events,

Aug + Sigy <==> Aug; + Siy , (2)

are more interesting than the simple migration
of either Sij or Au; from one interstitial site
to another. To enhance the ratio of interest-
ing to uninteresting events, we chose to: a)
increase the migration enthalpy assumed for Aui
s0 as to increase the relative probability of
(2) instead of a simple migration; and b) make
the simulated sampies much thinner than VIDSIM
allows. With this change the probability that
a Aui’s next move is a simple interstitial -
interstitial hop is 3000 times the probability
that it kicks out a Si; this is a factor of
4.6x10® reduction from the ratio if we had used
0.39 eV. Due to the reduction of the random
walk migration of the Auy, this change has the
effect of expanding the depth scale for compar-
ison with real experiments by a factor of
2.1x10%; the time scale of the simulation is
expanded similarly.

Of course, we must verify that the simulated
sampie is adejuately thick to display all the
physical phenomena that the input assumptions
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imply. Thus, we have simulated both "thin"
samples which are 1000 lattice constants, a,
thick (i.e., 543 nm in the simulation but
corresponding to 1.16 mm of real Si on account
of the expansion factor) and "thick" samples
which are 2000 a thick. We denote the depth
direction as x. In the y and z directions we
use cyclic boundary conditions, i.e., an object
passing through the +y boundary reenters
through the -y boundary with the same x and z
coordinates and we allow defects near a bound-
ary to sense defects on the other side. We set
the y and z bounds to be + and - 100 a, but
this has little significance. Thus, our thin
samples have 6.4x10% lattice sites and our thick
samples have 1.28x10° sites.

Thus, the "Q" for diffusion, the sum of the
enthalpies of formation and migration, were
taken to be 4.9 eV for Aui and 4.8 eV for Siy
for the simulation of Ref. 40. The result
turned out to be totally at odds with claims¥
of Seeger and others re: a) the Auj profile
which was not flat but exponentially decreasing
into the buik at all t; b) because the Au;
decays exponentially into Au-free bulk Si, it
can not produce an asymmetric U shaped A"Si
profile with one-sided diffusion; c¢) the AuSi
profile was more exponential than the U shape
claimed; and d) deep in the sample (in fact at
all depths) [A"Si] was linear in t for all t and
never showed the t'/? variation claimed.

We sought the advice of Prof. U. Gdsele how
the simuiation parameters might be modified to
obtain the behavior claimed in the KO litera-
ture. He om‘ned“g that we had assumed the Sii
to be too mobile and stated that it is neces-
sary to achieve a large super saturation of Sii
in the bulk of the sample, which would occur if
the Sii are less mobile, in order to obtain the
features claimed in the X0 literature. Fur-
thermore, he stated there is a critical ratio,
R, of the diffusivities of Aui and Si,, D(Aui)
and D(Sii), and their .oncentrations,

R = D(Au;) [Aug] / O(Siy) (Si,], (3)

which must be larger than about 50 for the KO
features to appear and that empirically seems
to be in the range 100 < R < 200. The thesis
parameters given above imply R = 2.3.
Following Prof. Gdsele’s advice ““we altered
the assumed enthalpy of migration of Si; to 0.94
eV, leaving the other parameters as above,
which implies R = 200, and repeated the simu-
lations. We now present those results. We
first note that there is no qualitative dif-
ference between the present R = 200 results and
the R = 2.3 results of the thesis; all the
blatant discrepancies between the computer
experiments and the properties claimed for the
KO mechanism just cited remain.
using the simulation to observe the process in

Moreover,

detail, one finds it easy to understand where
and why these discrepancies arise. [t seems to
us that they are quite inevitable.

As our samples have cyclic boundary condi-
tions for y and z and ideal Aui and Sii source/
sinks on its x boundaries, it has no free sur-
face where melting could nucleate. This means
that our simulation cannot melt even though
real Si in contact with a sufficient source of
Au will melt to the Au-Si eutectic at T = 1368
K where {Aug,) reaches*® about 1x107 cm. The
KO literature does not take account of the
melting of the Si during the diffusion experi-
ment, which would introduce a moving boundary
condition and greatly complicate their analysis
and is assumed to be a small effect in the
typical experiment.'® Thus, we conclude it is
proper for us to simulate the KO as we have
done and aliow [AuSi] to become unphysically
jarge near the surface. (It would be a simple
matter to change the sample specification
periodically to eliminate surface regions that
exceed the melting limit, but it is obvious
that the effect of this would be to increase
the discrepancy between the KO simulation and
what has been claimed for it.)

After checking that our two-sided diffusion
simulations are indeed symmetric to within the
expected statistical accuracy, we conclude that




it is redundant to display both sides of the
distribution. Instead we add the distributions
symmetrically about the center in the x direc-
tion (x = 0) when presenting our results.

With this introduction in mind, we present
in Fig. 1 [A“Si](t) for depths of 50 and 150 a
for two-sided diffusion into the thin (1000 a)
sample with R = 200 as suggested by Gisele. We
note that: a) the variation is linear for all
t; t extends to 2.4x10'? attempt periods or of
order 2 sec.; and ¢) real Si would have melted
through these 200 a long before the simulation
stopped. In Fig. 2 we show [A“Si](t) for the
same simulation at depths of 350 and 450 a. In
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FIGURE 1
KO [Au i](t) at depths of 50 and 150 a for
two-sided diffusion into "thin" sample with R
= 200 and spontaneous injection of Au; .
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FIGURE 2
[Av i](t) at depths of 3850 and 450 a as in .
Part of simulatian is repeated to show statis-
tical variation.
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order to check the result for the effect of
statistical fluctuations, the simulation was
repeated from the t = 1.15x10'® configuration
on a different machine with different random
number seeds. Those results are also plotted
in Fig. 2 and compare as expected. We note
that: a) the variation with t is linear, or if
anything greater than linear and certainly not
t!/2, for all t; and b) the simulation continued
to the point that real Si would have meited to
a depth of 400 a from both sides, i.e., 80% of
the sample would have melted. It is obvious
that if we had moved the x boundary, which is
the source of new Aui, in accord with the
melting that is implied, the rate of increase
of [A”SiJ in the remaining Si would be much
faster than linear and not t'/2.

In Fig. 3 we show [Aui](x) for various t for
the thin sample diffusion. We note that the
profile: a) is steeply sloped (approximately
exponential) for all t even up to the point
that the real sample would be 80% melted; and
b) does not change much with t. As the same
feature was observed inm Ref. 40 (R = 2.3) with
only quantitative differences, we conclude this
feature is not a function of R. It simply
results from the fact that if Aui can displace
Sig; and it diffuses into reiatively Au free
regions, then it will do so and an exponential
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FIGURE 3

(Au,](x) for various t (1E£11 attempt periods).
To improve statistics 7 evenly and adequately
spaced observations have been added.
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decay profile will result. Contrary to what is
asserted in the KO literature, the out diffu-
sion of the Sii that results from this displace-
ment and any supersaturation of the Siy has no
qualitative effect on the processes. The
exchange between Sii and Aui that happens many
times for each AUSi created deep in the sample
merely renormalizes the effective diffusion
coefficient of the Siy. We regard this point as
the most important fallacy of Ref. 47 and the
literature derive therefrom. That literature
assumes a flat profile for [Au;] is estabiished
almost immediately and maintained throughout
the experiment.

In Figs. 4 and 5 we present the correspond-
ing {A“Si] profiles for two-sided diffusion into
a thin sample if we use SIM_KO instead of
SIM_KI, i.e., assume the injection of new Au; is
stimulated by the arrival of Si, at the gold
source rather than being a spontaneous random
event. To save time and because the shorter
time simulation was compared in Ref. 40, we
started from the t = 1.15x10'3 configuration ob-
tained from SIM KI, as was used for Fig. 2.
Here too we note that the variation of [AuSi] is
linear for all depths and for all t to the
point that the sample is 80% melted.

In Fig. 6a we compare the Au; profiles for
the thin and the thick sample for t = 1x10%3,
Actually, in order to increase the number of
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FIGURE 4
KO [AuSi](t) at x = 50 and 150 a for stimulated
injection of new Aui. A1l else the same as 1.
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FIGURE 5
KO.[AuSi](t) at x = 350 and 450 a for stimulated
injection of new Aui. A1l else the same as 2.

Number Concentration in 1E14/cm3
1607
140+ -8
120+
100: - 6
00 R : thick
80+ -
60+ “. N thin 4
40+ s R 2
20+ .-
00— e 0
0 100 200 300 400 500 600
Depth (a)
FIGURE 6a

[Au;1(x) at t = 1E13 attempt periods for thick
and thin samples. To improve statistics 7
evenly and adequately spaced observations have
been added.

Aui counted so as to improve the statitistics,
we have added the values observed for seven
observations spaced at t intervals of 5x10%!
about this time. About 3x10’ events, of which
95% are interstitial hops, occur in each inter-
val so the Aui distributions are thoroughly
mixed between these intervals. We see that
they are effectively the same and in fac: ve
find that the total number of Au; in the two
samples is the same within statistical fluctu-
ation. Thus, doubling the thickness of the
sample has no effect on the number of Au;




present under the KO assumptions. This is
because effectively no Aui’s ever manage to
penetrate more than 500 a, corresponding to 1
mm of real Si, from the eutectic interface.
Thus again, the KO can not produce a U shaped
profile from a one-sided diffusion. Figure 6b
plots the same data with the depth scale ex-
tended for the thick sample to restate the
point that no Au penetrates much beyond 500 a.
Figure 7 plots [Aug;]1(x) for both thin and thick
samples at t = 1x10'®,  Within statistical
accuracy these are the same also.
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Same as 6a but showing bulk of thick sample
where no Au penetrates for KO assumptions.
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[Aus-](x) at t = 1E13 attempt periods for thick
and>thin samples.
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3. CONCLUSIONS

Our computer experiments show that if we
make the KO assumption that Au; can displace
host Si and produce Si;, then when diffusing
into bulk Si it will do so. This produces an
exponential decay of {A:il(x) that is not
affected by the thickness of the sampie, by t,
by choice of R, or by super-saturation of Sii
in the bulk of the sample. This contradicts a
KO theory boundary condition, that [Aui] should
be flat and near equilibrium with the eutectic
for all t of interest. We are forced to con-
clude that all results of the large KO litera-
ture based on Ref. 47 must be completely re-
vised. In particular, the fact that one sided
diffusion of Au into Si does produce an asym-
metric U profile for A“Si' and the widely held
assumption that Au diffuses mainly as Au;, must
imply that Aui cannot produce Si; to any appre-~
ciable extent even when diffusing through thick
samples. The Aui must get through the center
of the sample and find some type of vSi or
vacdncy complex that diffuses in from the Au
free surface. This supports the atom-leyel
information that Sii has such a large enthaipy
of formation that it plays no role in thermal
diffusion processes.
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ABSTRACT

We have performed large scale computer simulations on the controversial issue of Au
diffusicn into Si at T = 1095° C. Using a Monte Carlo algorithm and a conveniently
parametrized set of parameters, our computer program is capable of working out the macro-
scopic consequences of a variety of models, i.e. atom level assumptions, in an unbiased way
and without the approximations introduced in analytic calculations.

When applied to the "kick-out” hypothesis, our results are dramatically at odds with
the properties claimed by its proponents. Neither the profile of the Au substitutionals. nor
the Au-interstitial profiles are in agreement with the analytically obtained results. The dis-
crepancy becomes most pronounced when comparing the variation with time of the Au con-
centration in the cenier of the sample, which we find to be linear at all times, in contrast to
the alleged t“ behavior. Moreover, the Au profile of a one-sided diffusion never becomes
U-shapcd, as experimentally observed.

1. JNTRODUCTION

The understanding and control of diffusion in semiconductors is crucial to the progress
in semiconductor electronics, and yet this is one of the least understood subjects in modern
materials research. Major controversies rage about almost every aspect in this field, such as
the role of self-interstitials and vacancies in atomic diffusion. For one part, this sad situation
is due to the fact that atomic diffusion is a very complex subject, and thus the interpretation
of experimental data can lead to contradictory reports. On the other hand, it can be attributed
to the introduction of more and more models with an increasing number of parameters,
which added confusion rather than clarification to the subject. Even the simpler models suf-
fer from one major deficiency: the relationship between the atom level assumptions and its
macroscopic consequences are extremely complex and not easy to establish. The connection
between these two classes should be made in terms of thermodynamic reasoning. This task
has been attempted in the case of vacancy hopping processes for Si and impurities by a few
authors [1-5), but still all such work relies on intuition, contains approximations and passages
to limits and is based on thermodynamic equilibrium assumptions for processes. which do
not take place in equilibrium.

For this reason we conclude that only a computer program that takes into account the
complex interaction of a diffusing particle with its vicinity can establish an exact and unbiased
relation betwe2n microscopic assumptions and macroscopic consequences. Therefore we
have developped the computer program VIDSIM (Vacancy and Interstitial Diffusion
Simulator) (6, 7], that models the evolution of an initial set of particles in space and time for
any of the chosen modeis the user wants to simulate. This is possible with the help of a "brute
force” Monte Carlo aigorithm, which involes an enormous amount of computational effort.
if statistically significant results are to be obtained. Nonetheless, this effort can be achieved
in a rather inexpensive way with the use of several ordinary PCs, which can work simul-
tanenously on the same problem in the background while they are used for other purposes.
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such as word processing. Of course, VIDSIM can also run on other computers, such as UNIX
workstations and superminis.

We have designed VIDSIM in such a way, that virtually anyone who wants to test his
mode! and parameters, such as activation energies, can use it, even if he or she is no com-
puter expert. Its documentation is published in Ref. [8], and it is available from the Com-
puter Physics Communications Library, catalogue number ABREF, or, for the cost of the
medium, from the authors.

Monte Carlo simulations are not the only useful computational method for the inves-
tigation of diffusion processes in semiconductors. Some workers try to make progress with
ab initio methods on supercomputers, with the help of calculations which are based on the
local density approximarion (LDA) [9]. While this method is well adapted 1o bulk ground
state properties, it gives band gaps that are much smaller than the experimental excitation
energies [10]. For this reason it is common practice to adjust the calculated band gaps to ex-
periments by shifting the conductions bands with the so-called "scissors-operator”, or by
other "ad hoc” corrections {11, 12]. Whereas these corrections give extremely satisfactory
results for band-structure calculations, it has been argued that the corrections needed for
diffusion processes might be entirely different [13]. These calculations should be regarded
with some care, as their uncertainty is typically more than 1.0 eV. In addition, such calcula-
tions can only be carried out by specialists on state of the art supercomputers, which makes
them quite expensive and inaccessible to the experimentalist. This is especially true when
the LDA is combined with molecular dynamics [14], which restricts calculations to just a
couple of atoms during extremely short periods of time {15]. Some workers try to circum-
vent these restrictions by developping new theories and combine them with LDA caicula-
tions and available experimental data [164, or empirical tight-binding force models [15].

Such new techniques are very impressive and interesting and can be complementary
to Monte Carlo methods, but with the problems mentioned above and the computer resour-
ces available today they have to be regarded as beyond the state of art. Practical progress is
more likely to be made with semi-empirical theories.

2. VIDSIM ALGORITHM

VIDSIM performs a computer experiment on the theory which is to be tested. Our ap-
proach is simple brute force - the computer calculates the hopping probabilities for each
mobile defect. based on the total free energy for the retevant process, which again depends
on the assumptions and parameters the user inputs into the program. In addition to these
parameters, the user has to supply the diffusion temperature T and an initial defect con-
figuration, which can consist of both native point defects (vacancies and three different types
of interstitials), and impurity related defects. The computer then adds up all partiai prob-
abilities of any process that can happen, and calculates the mean time for something to hap-
pen somewhere as the inverse of the total probability, in units of phonon cycles. According
to the Mean Value Theorem, VIDSIM assumes that one diffusion process ("event”) occurs
after the calculated mean time, and chooses the event to occur with the help of a random
number in the 0 to 1 interval from the set of possible events, which are weighted according
to their normalized. individual hop probabilities. After the hop is completed, all possible
events which are effected by this hop are reconsidered and the mean time for the next hop
is re-evaluated. This process is repeated as many times as desired, or until a certain diffusion
time is exceeded.

We prefer to run the same kind of simulation on various PCs and minicomputers simul-
taneously in order to obtain reliable statistics. We have also shown [13], that with this method
even small university departments can obtain rates ot computation which are equivalent to
the speed of the order of one CRAY XMP or similar supercomputers all the time and as a
single user! In fact. we have peformed a "multi Giga-event” simulation (several 107 discrete
events) in a sample of 6.4 x 103 sites exclusively on PCs. This striking effect can be traced




811

down to the scalar nature of Monte Carlo algorithms, which do not allow vectorization or
parallelization, and thus perform rather unfavorably on expensive vector-(super)computers.

An excellent example for the difficulties which arise when trying to deduce macro-
scopic properties from atom level assumptions is the diffusion of Au in Si.

3. THE DIFFUSION OF Au INTO Si CONTROVERSY

It has been known for a long time that, under thermal equilibrium conditions, Au is
dissolved both on substitutional (Ausi) and interstitial sites (Au;), and that during diffusion
processes there is an exchange between them [17]. With the help of VIDSIM we now want
to clanfy the controversy about this mechanism. The first model, the “Frank-Turnbull
mechanism” (FT) [18] involves vacancies (V) and gold interstitials (Au;), which diffuse
separately in the bulk and finally annihilate to form a substitutional site (Aus;):

Aui + V «~ Ausi. (1)

Willoughby and co-workers concluded [19), that the FT was consistent with empirical
observations that: a) the Ausg; profile from a two-sided diffusion is more U-shaped than the
result predicted by simple Fickian assumptions; b) the concentration of Aus; in the middle
of this U-shaped profile, Cs™, increases with time t roughly as t *“; and ¢) that an asymmetric
U-shaped profile is obtained from one-sided diffusion.

The alternative model. the "kick-out mechanism” (KO), was proposed by Seeger and
co-workers [20, 21] after analytical calculations, which seemed to indicate that the FT be-
haves more or less like a Fickian diffusion process, which is not in accordance with a) to ¢).
The KO assumes that it is not the vacancies, but self-interstitials (Si;), which determine the
diffusion process. The Sii is formed when an Aui displaces a host Si atom:

Aui + Sisi « Ausi + Si, (2)
and then migrates to the free surface, which is the only available sink in a highly perfect
wafer. It is argued that it is the out-diffusion of Sii that limits the increase of the central gold
concentration Cs™, and thus vields a 2 behavior in agreement with b).

As the controversy about the two competing mechanisms has raged for many vears.
with different authors deriving contradictory conclusions from basically the same data, we
decided to examine carefully the microscopic and macroscopic implications of the kick-out
model without the approximations introduced in the analytic calculations [21], i. e. with a
Monte Carlo computer experiment.

We also want to point out that neither the anaivtic calculations nor our computer
simulation take into account any charge state effects of Sij or Aui, any Fermi level or recom-
bination enhancements effects, and any elastic effects, and therefore still represents a great
simplification of the real problem.

4. THE KICK-OUT SIMULATION

The simulation temperature was fixed at T = 1095° C, a value which is typically used
in experiments and for which some combined models (a sum of FT and KO models) claim
apredominant KO character of the diffusion process. For the injection conditions of the Au,,
we examined two extreme cases: a) the stimulated KO. in which an Au is injected into the
surface at a random position every time an Ausi is formed in the bulk via reaction (2), this
keeps the total number of Aui in the sample constant: and b) the spontaneous case. in which
the rate of injection occurs randomly, at a constant average rate. We have found no major
qualitative difference between the two {6}, and suppose that the true situation lies some-
where in the middle of these two. As it does not make much difference. we restrict oursel-
ves to case b). We took the bond-centered intersutial for our simulation.
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The necessary parameters for our simulation, enthalpies of formation and migration,
were taken from the literawsre [22, 23}, and we calculated the single bond enthalpy of Si and
Au from their enthalpy of melting {2].

For practical reasons {6, 13], we increased the enthalpy of migration to 2.2 eV, com-
pared to Weber’s 0.39 ¢V. This is a concession to economy of simulation and examined in
Ref. [6]. For the same reason, we had to choose the size of the simulated crystal smaller than
what VIDSIM allows. We took the x-direction to be 1000 lattice constants, &, i. ¢. 543 nm, a
value, which is expanded to about 1.2 mm by the increase of the enthalpy of migration [13].
To check that our sample is adequately thick, we repeated the simulation in "thick” samples,
which are z = 2000 a. As we use cyclic boundary conditions for the other two directions, we
can keep the y and z dimensions rather small (200 a).

Having examined our early results, which turned out to be totally at odds with claims
by its proponents, we sought the advice of Prof. U. Gosele how he evaluates our choice of
parameters. He argued {24] that our simulation did not achieve the supersaturation of Sii
necessary to reproduce the claimed behavior, as the Sii is too mobile. He also stated that the
critical ratio of the product of the diffusivity and concentration of Au versus that of Si, R. is
much too low. Following his advice [24], we increased the enthalpy of migration of Si; from
0.39 eV 10 0.94 eV. Thus, our simulation parameters are now in accordance with the recom-
mendations of the KO advocates.

5. RESULTS

Our earlier results on that issue have been presented elsewhere [13]. They have clear-
ly shown that:

o the profile of the Aui is steeply sloped (approximately exponential) for all t even up to the
point that the sample would be basically melted. This feature is not affected by ¢, nor by
choice of R, nor the thickness of the sample, and contradicts a KO boundary condition,
that [Aui] should be {lat and near equilibrium with the eutectic layer for ail .

« the variation with time of the Aus;i concentration in the center of the sample, C*m, is linear
for all 1, which extends the order of 2 sec., and never becomes t2,

e the Aus; profile itseif, which we find to be much more exponential and less U-shaped than
claimed.

These results have been obtained under the assumption that there is except for reac-
tion (2) no annihilation process (sink) for the Ay, so that the concentration of Aus; grows
steadily on the surface. This results in the progressive melting of the crystal from the surface

on. We note that none of the above
results change qualitatively, if we

100 Number C?ncentration in 1E1?/cm‘::31 g assume that the Au; annihilate at
80- © .. . <. . .se. .7+ 77 thesurface,sothat the surface acts
60- . ’ : 1 as a sink for both the Sii and Aui.

T . . : Experiment shows, that a
40- - “. ... .ips one-sided diffusion of Au into Si
20- - T oL Tl ‘.‘ produces an asymmetric U-

Qrdeaeaatizaorit.as®..?%5°2%  shaped profile. The simulation of
0 50 100 150 200 250  the kick-out mechanism for a
Time in 1E11 Attempt Periods source on one side only with an-
nihilation of all interstitials ieads

0-100 a © 100-200 a 1o the results and Figs. 1- 3.

In Fig. 1 we present the time
evolution of the number of Au; for
Fig 1-One skled diffusion” (Au] versus time for 4 different layers. 4 different layers, each 100 a thick.

The injection takes piace at x = 0 a. At greater depths all T he layer which is closest to the
numbers are zero surface (0-100 a) contains the

*  200-300 a > 300-400 a
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highest concentration of Aui, of course. We see from this plot that the number of intersti-
tials per layer increases perceptively. Initially, the {Au;] is determined by the balance be-
tween injection of Auj from the source and their annihilation at the surfaces or displacement

of Si. As time increases, Au; are

Number Concentration in 1E17/cm”3  also created by the back reaction
4007 76 (2). We see that the total number
300+ P TR N + of Aujhas increased afactor of two
200+ ) © +'+.". 1% inthecourse of the simulation.

] In Fig. 2 we depict the incre-
100 . ., . L. . . .12 ment of [Ausi] for various layers.
0:,5;;_:;;;3;._.;.|§;;;.é;,’o For the surface region (0-100 a)

one can cleary see the saturation
of [Ausi]. The two-sided diffusion
again failed to find any evidence
for the 1”2 behavior of the central

0 50 100 150 200 250
Time in 1E11 Attempt Periods

* 0-100 a * 100-200 a .

gold concentration.
200-300 a *  300-400 a Fig. 3 shows a Aus; profile
for 4 different diffusion times, in
Fig. 2:0ne sided diffusion: A[Ausi | (1) for 4 different layers. units of attempt periods. The dif-
fusion started from the left side at
x = 0 a. Our simulation does not
Number x 1000 Conc. in 1E19/cm™3 reproduce the experimental U-
5- <2 shaped profile. Although further
t = 10E12 | investigation has to be done on
4- that issue (the simulation has to
- *  te20E12 115 run a little longer), we are con-
- R : vinced that the basic features of
3 © t=30ER 11 this profile will not change, when
2~ : the simulation is based on the KO
- 3 assumptions, no matter how
1- .1 “0.5  parameters are varied. We think
- r e 2, the rise in [Ausi] at the far side of
o L -1 X S SN DU U S — the sample can only occur if Au;
0 250 5§00 750 1000  pass through the center of the
Depth (a) sample without creating Sii, to find
V coming from the far side. This
Fig. 3:[Ausi] from a one-sided diffusion for different times. occurs only if AH'(Si;) is too high

for Sij to play a role.

6. CONCLUSIONS

We have performed a multi Giga-event simulation of the kick-out theory on PCs. Even
with the parameters as suggested by the proponents of that theory, we could not reproduce
any of the features ciaimed by them. We have shown that the exponential decay of the Ay,
profile is neither affected by the thickness of the sample. nor bv ¢, nor R. Based on our latest
results, we think the fact that the surface acts as a sink for the Au; has little effect on the
simulation. One major problem of the KO theory and the parameters we tested can be traced
down to the high probability with which an Au; can dispiace a Si. It’s "scattering cross sec-
tion” is simply too high. Thus it can not penetrate deeply into the sample, and its profile
decays exponentially. Another major point we have eiudicated is the one-sided diffusion
issue. It 1s impossible to obtain an asymmetric U-shaped profile with the KO hypothesis.
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Based on our results, we think it is appropriate to exclude the KO as one of the possible
mechanisms which mediate the Au in Si diffusion.
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Surface Treatment Effects on Atomic Diffusion in Si

Explained Without Self Interstitials*

J. A. VAN VECHTEN, U. SCHMID** and ZHANG Q.-S.
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Electrical and Computer Engineering Dept.

Oregon State University, Corvallis, Oregon 97331

Many recent discussions of surface treatment effects on atomic diffusion in Si have ex-
plained these largely in terms of effects attributed to Si self interstitials. However, we
have shown by our straight forward Monte Carlo (VIDSIM) simulation of diffusion of
Au into Si according to the “kick-out” mechanism of Seeger that this mechanism is in
fact completely incapable of explaining the two-sided, “U shaped” profile of substitu-
tional Au which results from a one sided in-diffusion of Au. We have shown that if Au
interstitials can displace Si at any appreciable rate, then the Au substitutional profile
must decrease monotonically from source side to far side. We noted that this is strong
evidence that Si self interstitials play no role in thermal processes in Si. Here we show
that the surface treatment effects often attributed to Si self interstitials can be natu-

rally explained without them.
Key words:

I. INTRODUCTION, Au DIFFUSION
INTO Si

There has long been a controversy re the relative
importance of vacancies, V, or self interstitials, Si,,
to thermal process in Si.'™'* Those who concentrate
on studies at the atomic level tend to believe that
Si, has too large a heat of formation, and thus too
small an equilibrium concentration, to play any
role.>**® They note that V has been unambigu-
ously observed by magnetic resonance® and by pos-
itron methods'® after the creation at low tempera-
tures of V + Si, pairs by electron irradiation, but
that the Si,, which must have been created at the
same time, has never been seen. Instead, resonance
methods® find impurity interstitials, e.g. B, or C,
created in numbers equal to that for V. They also
observe that:* a) 12 eV must be transferred from the
bombarding electron to the Si atom on a lattice site
to create the pair'® b) convincing theoretical argu-
ments,'”"® which account for the variation of the rate
of displacement with the angle between the beam
and the crystal axes, show that the excess energy
of this irreversible process over the thermodynamic
heat of formation for the pair can not be more than
1 eV, leaving 11 eV for the sum of the heats of for-
mation of V and Si,, AHA{V) + 1H(Si,); and ¢) sub-
stantial concentrations (>10'® cm™) of V are seen
in thermal equilibrium in Si at temperatures well
below the melting point by both positron
annihilation'® and “Simmons-Ballufi” methods?’?!
(comparison of thermal expansion of the lattice con-
stant with thermal expansion of the sample volume

*Supported in part by U.S. AFOSR-89-0309.

**Present address: Max Planck Institut fur Festkérperforschung,
Stuttgart. Germany.

(Received November 21. 1990: revised January 15, 1991)
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to determine if lattice sites are being added or sub-
tracted).

A comment should be made re point ¢ above. While
there is debate over the magnitude and tempera-
ture dependence of the trapping cross sections, o, of
the (ionized) V’s in Si,'*?? which directly affects es-
timates of the V concentration, [V], there is no
question of calibration for the Simmons-Ballufi ex-
periment; recent results?® show [V] > 10 cm ™2 al-
ready at T = 1300 K. This contradicts the assump-
tion made by Dannefaer et al. in analyzing positron
data'® that the Lax giant trapping cross section cri-
terion, with i.s o x T"? temperature variation, should
be applied to o(*7) at these T’s. Thus, Dannefaer et
al’s estimated AH(V) = 3.6 eV is too high by about
1.0 eV# just as their estimated [V] is too low by a
factor of 10%. Even if AH/(V) were as much as 4.0
eV, rather than the current best estimate®? of about
2.7 eV, we would still have AH/(Si,) = 11 — 4 eV =
7 eV, which would mean Si, would play no role in
thermal processes. Recall that activation energies
for self diffusion in Si range with T% from 4.1 to
5.2 eV. (The activation energy for Si, migration must
be finite and positive. The term which Si, contrib-
utes to the total Si self diffusion has an activation
energy that is the sum of this positive migration
energy plus the energy of formation. Even if one were
to suppose the migration energy for Si, were almost
zero so that Si, migrates out of the sample almost
instantly after creation with a formation energy of
7 eV, they could not produce a Si self diffusivity with
an activation energy of 5 eV, nor even contribute
significantly to the self diffusion.)

Such considerations lead to the suggestion that,
if any additional point defect beyond the V (with its
five ionization states and complicated behavior) is
required to understand thermal processes, in Si, then
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these may be “extended interstitials”' or "amor-
phous zones”® rather than the Si, which must exist
for an instant too short to be observed in irradiation
experiments. The entropy of Si self diffusion is ob-
servad to be 6 to 10 k at high temperatures. Such
large values have been interpreted as evidence either
for extended defects (amorphous zones)' or for an
entropy of ionization of the V comparable to that of
the band gap.’

On the other hand, many of those who concen-
trate on studies at the device scale have invoked an
unspecified type of “Si self interstitial,” which might
or might not be an “extended” or “amorphous zone”,
and ascribe adjustable parameters to it in order to
describe data and phenomena of interest.>-"!"*? They
sometimes claim that the V can not play the ma-
jority role in many thermal processes in Si.

Much of the argument has revolved around the
diffusion of Au into Si, which is widely studied®*-2¢
because of the dramatic effect Aug has on minority
carrier lifetimes. The following points re this sub-
ject are not controversial: a) Au diffuses very rap-
idly into Si, and into Ge and other tetrahedral semi-
conductors, as an interstitial, Au,. (Although Au, has
not been definitely observed or characterized, no one
debates its vole.} b) The dominant site for Au atoms
is substitutional, Aug;, where it acts both as a deep
donor and as a deep acceptor. ¢) Even when Au is
diffused in strictly from one side only, the resulting
Aug, concentration profile, [Aug] (x) is not at all
monotonic but essentially symmetric with a broad
flat minimum in the center of the sample. [Aug] (x)
is said to be “U shaped.” See Fig. 1. Any remaining
doubt that this U shaped profile which results from
what was intended to be a one sided in diffusion
might be an artifact of undetected surface diffusion
has been erased by ion implantation experiments
(with capping layers and facing wafers) reported by
Coffa et al..*’ (Si3N, and SiO, capping layers pre-
vented the ion implanted Au from getting to the near
surface; this was verified by showing that no Au
reached a polished bare wafer in intimate contact
with the near surface during the diffusion.) d) [Aug;]
at the center of the sample increases roughly as the
square root of diffusion time, ¢, for values of ¢ in-
termediate between that required for Aug; first to
appear and that required to reach half saturation.
e) The diffusion of Au into Ge from one side also
produces a two sided profile, [Aug,] (x), but the shape
is noticeably different from [Aug] (x). f) Several other
transition metals produce substitutional profiles
similar to [Aug;] upon diffusion into Si. Re point e)
it should be noted that diffusion processes in Ge have
been much more clearly established and are gen-
erally agreed to be consistent with a pure vacancy
model. This is largely because Ge isotopes make ra-
diotracer experiments much easier for Ge than for
Si.%® Also the vacancy in Ge does not exhibit the
negative-U behavior that Si vacancies do.® Thus, one
can argue that the distinctions between the Au pro-
files into Si and into Ge result from difference in
the properties of the vacancies in the two host or
differences in the identity of the major defect.

Van Vechten, Schmid and Zhang
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Fig la — Au substitutional profile normalized to the saturation
value in Si reported by Coffa et al., Ref. 27, from an 1on implan-
tation experiment in which the possibility of surface diffusion
contributing to the peak near the far surface was carefully ex-
cluded. The profile is very similar to those obtained when a Au-
Si molten eutectic is formed on one side. This is remarkable be-
cause the ion implantation injects a fixed number of atoms while
variable fractions of the eutectic may be dissolved: also the
boundary condition would seem to be distinctly different. The
“calculation” plotted is that asserted by Gosele et al., Ref. 6. for
the boundary condition of constant infinite Au concentration on
both surfaces. The asserted formula can be expressed as erf (Inty)
= bx, where erf is the error function, b is a constant and v is the
square root of C = (Aug,]. See text.
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Fig. 1b — More data from same experiment of Coffa et al.. Ref.
27 Note that here a log scale is used where la used a linear
scale.

2528 of these facts was

The original interpretation
1128.29

that the “Frank Turnbull Mechanism,
Au, + V& Aug, (1

was the dominant mode of diffusion of Au into Si
as well as for Au, Cu. etc. diffusion into Ge, for which
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the mechanism was originally proposed and is gen-
erally accepted. Those who press this interpretation
explain the two sided nature of [Aug] (x) from a
strictly one sided source by observing that V can be
created at either the source surface or the far side
surtace and that it is widely agreed that Au, dif-
fuses very fast. Thus, the rate of production of Ausg;
is limited by the in diffusion of V. [Au,] is assumed
to be effectively uniform through the sample for all
but very short ¢. The differences between the details
of the shape of the profiles in Si versus those in Ce
are attributed to the differences in the detailed be-
havior of Vg, and V.. Vg; exhibits “negative U” be-
havior of its donor ionization states, five rather than
four ionization states, more complex multivacanc
behavior, and recombination enhanced diffusion.®*
However, to our knowledge no one previously has
claimed to show how the difference in the detailed
behavior of the V’s accurately account for the dif-
ferences in the details of the profiles.

On the other side, W. Frank, Gosele, Seeger and
others have claimed®® that (1) absolutely can not
account for the distinctions between the profiles in
Si and in Ge. They argue that instead a “kick out
mechanism,”

Au, + Sig, & Aug, + Si,, (2)

must dominate the production of Aug and that the
rate of the net process is limited by the out diffusion
of Si,, rather than the in diffusion of Vg,. If this were
so, it would follow that the Si, would have to be im-
portant to other thermal processes as well and that
AH(Si,) < 7 eV.

Those who press (2) as the dominant process lead-
ing to Aug production have claimed to account for
[Aug;] (x), and other phenomena, accurately in terms
of this process. However, when we directly simu-
lated their model with a completely straight for-
ward Monte Carlo simulation procedure, VIDSIM,*!
[31], we found that the true out come of the model
for a one sided diffusion is completely at odds with
the claims of its advocates, and with empirical [Aug]
(x). We tried several variants of assumptions of model
parameters and boundary conditions and found that
no such variation could change the conclusion just
stated.'>'* Instead, we have identified fundamental
inconsistencies in the arguments used to argue a
connection between the kick out model and equa-
tions that do in fact approximate the empirical pro-
files. See Fig. 1a.

We now will briefly describe and clarify the er-
rors in that reasoning. We focus the discussion to
the case that the Au source is on one side of the
sample only because this gives the clearest and most
dramatic distinctions between the true result of the
kick out model and what has been claimed for it.

Since the ion implantation experiments of Coffa
et al.¥” have excluded all possibility of surface dif-
fusion accounting for the appearance of Aug near
the far surface, Au must have diffused through the
bulk of the sample, presumably as Au,. First let us
suppose that the Au, got from the source side to the

433

far side without stopping to form Aus, on the way.
(This is the assumption of the Frank Turnbull al-
ternative.) For some point in the center of the sam-
ple at a time early in the process, when very little
Aug; has been produced, consider the relative prob-
ability that a particular Au, will hop one step fur-
ther as an interstitial rather than displace a host
atom near it, which are almost all Si. This proba-
bility must be very small or the Au, will not make
it to the far side of the sample before a displacement
event occurs and the Au atom ceases to be an in-
terstitial. Furthermore, this probability is directly
linked to heats of formation of Si,, Au; and Aug;. Let
us denote the mean number of times Au, hops as
Au, before it displaces a Si from the lattice as N”.
To make a numerical estimate, let us suppose sta-
ble site for Au, is the bond centered interstitial site.
(This choice will have little quantitative effect on
the argument.) Then the distance of each Au-Au,
hop is V2 a/4 or 0.192 nm for Si. These hops are
assumed to be a random walk. The samples used by
Coffa et al. were about 0.5 mm thick; others used
much thicker samples and got the same result, but
with perhaps less confidence that surface diffusion
had been excluded. A well known result for a ran-

dom walk is
(z22Y=2D¢t=2/3F N¢, (3)

where z is the displacement in one direction which
we here take to be 0.5 mm, D is the diffusivity, I is
the step length, which we here take to be 0.192 nm
and N¢ is the number of steps, which must at least
equal the mean number of steps, before displace-
ment, N* = N*. Thus we have

N¢ =15 %) /I* =1.02 x 10" (4)

and In (N¥) = 30. The sum of the heat of formation
of Si, plus that of Aug must exceed that of Au, by
30 kT for this assumption, that Au, diffuses through
the sample without displacing a Si from the host
lattice, to be true. Let us take the diffusion tem-
perature T = 1368 K, a typical value. Then 30 kT
= 3.54 eV. The fact that [Aug] is observed in the
mid 10" em™® range while Au, is not directly ob-
served at all implies that AH«{(Au,) — AH/( Aus§) must
be significant. The data analysis of Weber®® esti-
mates the value of this difference to be 2.5 eV, If
this is so, then we would have AH/(Si,) > 3.5 + 2.5
= 6.0 eV, which is in accord with the argument of
those who advocate the Frank Turnbull mechanism
and so large that the Si; would play no role in ther-
mal process.

Indeed, those who advocate the kick out mecha-
nism assume that, contrary to the assumption of the
last paragraph, the Au; displaces S1 many times be-
fore it diffuses from one side of the sample to the
other. Thus, any Au, that appears near the far sur-
face to produce Aug; there must itself already have
been displaced from lattice sites in the bulk of the
sample several times. The kick out hypothesis is that
this occurs according to reaction (2) and via the ac-
tion of the Si,’s.
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This brings us to the question why does [Aug,] (x)
rise near the far surface? According to those who
advocate the kick out hypothesis, this is because [Si,]
is equal to its equilibrium value near either surface
but is highly supersaturated in the middle of the
sample and, further, occurs because the Si, do not
diffuse away as fast as the Au,, which create them
by reaction.’ (The implication that the migration
enthalpy, 4H,,(8i,), for Si, must be significant re-
duces the maximal value for 4H(Si,) for which Si,
could play a role in thermal processes even further.
Thus, if 1H,,(8i,) > 1 eV, then 4 H/(Si,) must be less
than 4 eV for Si, to contribute to Si self diffusion
with a component of activation enthalpy 5 eV.) It 1s
precisely this assertion by those who advocate the
kick out model that we have tested by Monte Carlo
simulation and have shown to be incorrect.

The central error introduced in the reasoning of
those who advocate the kick out model comes when
they try to apply conditions that would apply once
equilibrium has been reached ‘> analysis of this
system that, like all systems where there is net dif-
fusion, is far from equilibrium. This appears in two
related forms. One is in the assertion of what those
authors call “local equilibrium” and means that the
reverse rate of reaction (2), Rg, i.e. of

Si, + Aug; = Au,; 12r)

is essentially the same as the forward rate, R, i.e.
of

Au, + Sisi ? AuSi + Sl, (2f)

at all points and at all times after the very begin-
ning of the process. That is they . .me as a bound-
ary condition for their analysis that

Rilx,t) ~ Rplx,t) for all x and ¢. (5)

The second false assertion, which is really not in-
dependent of the false assertion of “local equilib-
rium,” is that [Au,] (x) is essentially flat and near
its equilibrium value across the samy%e, i.e.

[Au,J(x) ~ [Au,) for all x and ¢. (6)

This too is assumed as an initial condition in their
analysis. It is easy to see that a consequence of (5)
and (6) is that, if [Aug](x) 18 U shaped, then [Si ](x)
must be an inverted U of the same shape and mag-
nitude.

When we do the straight forward Monte Carlo
simulation of the kick out model, the result depends
upon details of the surface boundary conditions, as
one should expect and as we shall discuss below.
However, for no set of surface boundary conditions
does the simulation find the ASSUMPTIONS (5) and
(6) invoked by the advocates of the model to hold.

Instead, we invariably find that when Au, diffuse

into a region that is relatively pure Si, then [Au,}(x)-

decays monotonically and approximately exponen-
tially. We feel this result is quite obvious!y the con-
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sequence of the assumption that Au, can displace
Si. If Ay, can transform to Si, + Aug;, then it does.
We suggest that there is an analogy with the ab-
sorption of visible light; although the photons go as
fast as anything can, the fact that they have an ab-
sorption length that is small compared with the
width of the sample inevitably implies that they will
decay exponentially in the sample and that very few
will reach the far side.

The advocates of the kick out model opine that
the reverse reaction (2r) (the analog of radiative re-
combination for the case of light), will occur at es-
sentially the same rate, assumption (5), and will keep
[Au])(x) flat and constant. We find that (5) is obeyed
only when and where [Aug] has reached equilib-
rium with the source. This occurs arbitrarily early
in the process for points close enough to the source
side surface, but does not occur at greater depths
until [Aug] has saturated. Agzin, we feel that this
empirical finding is obvious and inevitable.

In order to obtain their ASSUMPTION (5), the
advocates have to assume that [Si,] is very big where
{Aug,] is very small, i.e. in the center of the sample
for times short compared with that required to sat-
urate the whole sample, which is very much longer
than that required to saturate the far side surface
region. We do not find any significant supersatu-
ration of Si; in Aug free regions for any plausible
choice of surface boundary conditions. We note that
when Sj, is diffusing in pure and perfect Si, i.e. where
[Aug) = 0 = [V], the diffusion must be conserva-
tive;

. ,
Ez [Si,Jix) = 0. {n

It is well known that (7) admits only linear soiu-
tions,

[Sil(x) = a ~ bx. (8)

Furthermore, the value of [Si,] at the far surface,
where [Aug] = 0 initially so that (7) will apply until
some Au, manages to arrive despite 1ts exponential
decay, is most likely at its equilibrium value for all
t. The advocates assume this and also that it main-
tains the equilibrium value at the source surfa~
~ell. Thus, the inverted U profile for {Si ](x), wh.
1s required for the assumptions of the advocates, can
not occur.

To summarize what does in fact happen with the
kick out model when {V} = 0 everywhere and the
source is on one side is the following. [Au,](x) at first
decays essentially exponentially into the Aug, free
bulk. The Si, produced by the displacement may
either diffuse deeper into the Au free bulk. in which
case their concentration is conserved and they sim-
ply diffuse until they are annihilated on the far side,
or they diffuse back toward the source side, in which
case they may either produce the reverse reaction
and promote further diffusion of the Au or they an-
nihilate at the source side surface. Tne resulting
[Aug J(x) decreases monotonically from rhe source o
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the far side for all times. Equilibrium between the
forward and reverse reaction occurs first at the source
side surface and is attained at monotonically in-
creasing times for increasing depth. Equilibrium or
reaction (2) is last attained at the far side surface.
See Fig. 2.

In addition to its failure to produce a two sided
profile from a one sided source, the kick out model,
when straight forwardly simulated by Monte Carlo

No. of Au Substitutionais
2500 - — - - mNES

2000 -
1500 -
1000 -

500 -
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Dist. of Diffusion (a)

(a)

Fig. 2a — Result of direct simulation of the kick-out process,
with no vacancies permitted, under the boundary conditions that
a Au source on one side (x = 0) injects Au, into the crystal ran-
domly and at a constant rate and that any interstitial passing
through either surface is annihilated. The reciprocal boundary
condition of the generic VIDSIM simulator has been turned off
so that Aug; formed on the x = 0 boundary are not transferred
to the far side surface. Here results are summed from three sam-
ples each 10 lattice constants, a, across in the y and z directions
and 200 a in the x direction. As this computer simulation does
not allow the crystal lattice to melt, the eutectic, that in fact
forms as any constant Au source dissolves the surface of the Si,
appears as a layer on the source side with [Aug] > 10% and a
rather abrupt edge. At this point in the diffusion process that
edge is at x = 2 a. As we let the process age beyond this point,
we observe the eutectic layer become thicker. The slope of the
profile in the region beyond the eutectic gradually decreases but
remains monotonic.
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Fig. 2b — Near surface, expanded scale date from Fig. 2a.
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Fig. 2c — Results as in Fig 2a for the first 200 a depth of sample
200, 400 and 1000 a thick. In the thicker samples the {Aug,] pro-
files simply continue to die off monotonically with depth. Note
the near source values of [Aug;}(x) decrease with increasing sam-
ple thickness. This is because the closer the far side surface that
annihilates the Si’s, the less likely is reaction (2r) to displace a
given Aug,.

means, also fails to get the shape of the profile near
the source side surface right. This can be illustrated
for either a one side or for a two sided source. See
Fig. 3. This finding is again contrary to the claims
of those who advocate the kick out model because
they errored when they assumed that local equilib-
rium, (5), would occur in the center of the sample
essentially as soon as it occurs in the source sur-
faces.
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!

1 - RS

o f, i

. // i

0.8 —=

' |

' |

0.6 // e __

1

1

0.4 !

0.2 [
0

0 0.2 0.4 Q.6 0.8 1

Fig. 3 — Result of direct simulation of kick-out mechanism un-
der conditions assumed by Gosele et al., Ref. 6, as reported in
Ref. 33, dots showing stark contrast to the asserted result, the
straight line. The sample is 1000 a thick with sources at both
surfaces, x = 1.0. The center of the sample is at x = 0. Results
from the two sides are statistically equivalent and have been
added for display.
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Because the use of a computer to simulate these
processes releases us from the constraints of phys-
ical reality, we can manage a (completely artificial)
situation in which the assumption (5) is reasonably
well satisfied near one surface and observe what does
happen. We did this by allowing a periodic bound-
ary condition (a feature of the general VIDSIM
program®' and of most computer programs for crys-
talline lattices) for Aug; to translate those Aug; that
form just at the source side surface to the far side
surface rather than keeping them on the proper
surface or annihilating them. We continued to an-
nihilate all Si, that passed through either surface
in the diffusion direction, x. This provided a source
of Aug, without a source of Au, on the far side sur-
face. As Si/’s arrived at the far surface they have a
chance to displace the Aug and produce thereby Au,.
These Au, could then either annihilate or diffuse into
the bulk from the far side. With a little adjustment
of Au, injection rate at the source side and waiting
for a proper concentration of Aug; to develop, we were
able to cause assumption (5) to become fulfilled. We
found that the [Augl(x) profile thus produced near
the far side surface is indeed in accord with the the-
ory of Gésele et al.’ See Fig. 4. However, the profile
near the source side surface is, as in proper simu-
lations, like that in Schmid’s thesis® and else-
where, rather than as Gosele et al. predict. We
maintain that this affirms two facts: a) the problem
with the theory developed by Gésele and co-workers
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Fig. 4 — Result of direct simulation of kick-out mechanism mod-
ified from Fig. 3 in the following ways. a) The source is on one
side only. b) The reflective boundary condition of the generic
VIDSIM simulator. Ref. 31, has been retained so that Aug,’s formed
at the source side surface are artificially translated to the far
side surface. This produces a source for Aug, on the far surface
with no corresponding source for Au,. ¢) The injection rate has
been adjusted and the time chosen so that the condition of "local
equilibrium.” Eq. (5) obtains near the far surface. Far surface
data indicated by . The source side result is similar to Fig. 3.
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is in the initial assumptions and not in the deduc-
tion from those assumptions; and b) their is no fatal
flaw in our computer programs.

Thus we conclude that the observation of a sym-
metric U shaped profile for Aug; resulting from a
Au source on one surface only compels the conclu-
sion that the Au, diffused all the way through the
sample with negligible probability to displace a host
Si atom even once. As noted at the beginning of this
section, this requires that the energy of formation
of Si, must be too great for Si, to play any role in
thermal processes in Si.

We now pass on to consider the explanation of
various surface treatment effects, which many have
attributed to Si;, without them.

II. OXIDATION INDUCED STACKING
FAULTS AND DISLOCATION LOOPS BY
VACANCY CLIMB

It is well known that oxide precipitates in Czo-
chralski Si are generally surrounded by extrinsic
stacking faults and dislocation loops.?* There are
often multiple planes of Si added to form these ex-
trinsic faults. Careful study by electron microscopy
reveal that they are often smooth and regular. It is
also well established that there is local swelling of
the Si when O atoms, which were disssolved as in-
terstitials during crystal growth, converge form these
oxide precipitates. The volume of the oxide exceeds
that of the Si crystal which is consumed in its for-
mation. The volume of the swelling concomitant with
the dissolving of the O as interstitials is less than
this difference between the Si crystal and the re-
sulting oxide and is spread through the sample rather
than localized.

The tendency of the SiO, precipitate to swell in
the crystal lattice as it grows produces both tensile
and compressive stress in the Si. The stress is com-
pressive in the direction radial from the center of
the precipitate and tensile in the direction tangen-
tial to the precipitate. The growth of extrinsic
stacking faults with the concomitant dislocation loops
relieves the tensile stress by producing extra planes
of Si around the precipitate. This might occur either
by precipitating Si/’s (if there were any Si,’s), which
would have to be produced elsewhere, or by emit-
ting V’s from the core of the dislocation that sur-
rounds the plane of the stacking fault.’®

Thus, one can easily and naturally explain the
formation of extrinsic stacking faults in Si by sup-
posing the creation of vacancies along the core of
the dislocations produced by the swelling of the pre-
cipitate. This is the locus of maximal stress. This
leads one to expect the stacking faults to be more
or less regular, symmetric and smooth, as is gen-
erally observed. If they were formed by precipita-
tion of Si/’s, then one might expect them instead to
be irregular and dendritic. A similar formation of
extrinsic stacking faults is observed in metals where
there is no question that V’s completely dominate
over self interstitials.**%
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‘ One might confirm that oxidg precipitation in-
jects V’s into the surrounding Si by positron anni-
hilation techniques. Initial reports appear todo this.*

II1. Si ION IMPLANT EFFECT ON DEEP
B IMPLANTATION

Schreutlekamp et al. have reported® that the ten-
dency of ion implanted B to straggle into Si, so that
the doping profile is less abrupt than is desired, can
be suppressed by ion implanting Si into the sample
also. We recall that experiments that use electron
irradiation to produce V + Si, Frenkel pairs, and
electron spin resonance techniques to monitor the
defect complexes that result have shown that Si/’s
disappear from the sample too quickly to be ob-
served (even at T = 2 K).® They also show that Si,
can displace substitutional B, Bg;, to drive the re-
action

Sii + BSi : Biy (9)

while V form complexes with other vacancies (i.e.
form divacancies and larger clusters) and with many
types of impurity. Finally, the B, is known to diffuse
very rapidly.

The natural explanation of this is that the source
of the problem is the tendency of P ion implantation
to produce B/’s which diffuse to produce a straggle
profile precisely because they cannot reverse Re-
action (9). This because the enthalpy of formation
of Si, is larger than that of B..* In the absence of Si
ion implantation, these B, must diffuse too far to
find a V which they can convert to the desired ac-
ceptor dopant via,

B, + V=B, (10)

The Si ion implantation cure works because it
produces the V’s required for (10) so that the B, can
be stopped. Note that if there were any significant
numbers of Si; remaining from the Si ion implan-
tation, they would enhance the B, diffusion and make
the Bg; profile less, rather than more, abrupt.

IV. OXIDATION AND NITRIDIZATION
ENHANCED OR RETARDED DIFFUSION
OF DONORS OR ACCEPTORS

It is well established that oxidation of a Si sur-
faces enhances the diffusion B and P beneath them
while nitridization of these surfaces suppresses the
diffusion of B and P.**-** On the other hand, Sb dif-
fusion is affected to a lesser degree and in the op-
posite sense; i.e. Sb diffusion is suppressed by oxi-
dation and enhanced by nitridization.

It is clear that oxidation of the surface produces
a tensile stress in the Si tangential to surface, just
as the formation of an oxide precipitate produces
tensile stress in the bulk. Plainly, we should expect
this tensile stress to be partly relieved by the in-
jection of more vacancies from the incoherent in-
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terface between crystal and oxide into the Si crys-
tal. This will enhance (V] in the Si and thereby en-
hance the diffusion of species that diffuse primarily
via exchange with V.. It is well established that Vs,
pairs readily with both B and P.® (Recall that Ps-
Vs pairs, “E-centers” are observed in P doped Si that
has been rapidly quenched*’ from temperatures near,
but below, the melting point.) This is partly because
of a coulomb attraction between the amphoteric Vs;,
which assumes a VI ionization state in p-type
material (i.e. where the B is) but assumes a
Vs or V& ionization in n-type material (i.e. where
the P is). Thus, the oxidation enhancement of B and
P diffusion is easily understood in terms of the well
established properties and interactions of Vy;.

It is also clear that nitridization of the Si surface
stresses the crystal in the opposite sense, i.e. puts
it into compression. It is natural to suppose that this
compression inhibits the generation of V’s which
implies that [V'] is suppressed. Thus, one should ex-
pect the vacancy mediated diffusion of P and B to
be suppressed, as is observed.

So far the discussion of this section has proceeded
as if the diffusivity of impurities were simply pro-
portional to [V']. It should be evident that is almost
certainly an oversimplification. The coulomb inter-
action between ionized impurities and Vg with its
five ionization states within the bandgap and the
observation of recombination enhanced diffusion for
Vs, B and several complexes imply a more compli-
cated relation.*

Reports that Sb diffusion is suppressed by oxi-
dation and enhanced by nitridization,*'“? combined
with the arguments that oxidation must increase (V']
and that Si; cannot play a significant role, reenforce
the supposition that we really must consider the re-
lation between [V'] and impurity, X, diffusivity, D(X),
more carefully.

We first note that the report of a depression of
D(Sb) with oxidation is based solely on determina-
tion of the depth of the p-n junction formed when
Sb is diffused into p-type Si. We know of no mea-
surement of the effect of oxidation or nitridization
upon D(Sb) in homogeneous material. Recall that
we already know that, on account of the coulomb
interaction between ionized impurities and ionized
vacancies, the vacancy mediated diffusivity of do-
nors is enhanced in n-type material and suppressed
p-type material. This occurs because of the attrac-
tion between D™ and V2~ or V™ in n-type material
and because of the repulsion between D~ and V?°
in p-type material. This coulomb enhancement
changes to coulomb repulsion at a point very close
to the nominal p-n junction. Now, because [V] is well
above 10'® cm~? at the temperatures in question even
without oxidation enhancement and because the
amphoteric V’s always tend to compensate the dop-
ing of the sample, one additional consequence of in-
creasing [V'] by surface oxidation is to enhance this
compensation. This causes the point at which cou-
lomb enhancement converts to suppression of D(Sb)
to move toward the surface. Assuming that the cou-
lomb interaction between Sb~ and Vg, plays a major
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role in determining D(Sbh), we propose it is this dis-
placement of the compensation point during diffu-
sion toward the surface by oxidation that accounts
for the reduction of the depth of the resultant junc-
tion. We predict that D(Sb) within the n-type region
is in fact enhanced, as could be verified by radi-
otracer experiments.

Finally, one may wish to consider observations of
the growth and shrinkage of stacking faults on one
side of a sample due to the oxidation of the other
side. Such observations have been reported* by
Taniguchi et al. who used Si;N, and thick polycrys-
talline Si films to prevent oxidation and buffer the
one side of the sample from the stress of the Si;N,.
It is found that for samples of normal thickness (e.g.,
0.5 mm) stacking faults previously grown on the
masked side will shrink when the far side is oxi-
dized. They report that the rate of this shrinkage
has an activation energy of 4.9 eV, which is roughly
consistent with that for Si self diffusion. However,
for thin samples (10 to 80 um) a few of the stacking
faults will start to grow longer (not deeper) after
some thickness dependent incubation time; the other
stacking faults shrink. They also report that the
stacking faults grow deeper at a rate dZ/dt = 5 exp
(-2.6 eV/kT) m/s when oxidation occurs.

Taniguchi et al. interpreted* their observations
under the assumptions that Si; processes completely
dominated, that the shrinkage of stacking faults oc-
curs by emission of Sij’s into the bulk, and that
elongation of the stacking faults occurs by absorp-
tion of Si/s that have been injected at above ther-
mal equilibrium concentrations by the oxidation of
the far surface. They adjusted five parameters to fit
their observations of the length of the longest stack-
ing faults under these assumptions. They concluded
that the activation energy for Si; migration is 4.0
eV and that the enthalpy of formation of Si; is only
0.7 eV while its entropy of formation is —7.6 k, i.e.
negative implying decrease of disorder upon form-
ing the defect. These conclusions are in gross con-
tradiction of the parameterizations used to fit other
properties by those who assert the importance of Si;.
(See, e.g. Ref. 12.) They imply that Si; should be easy
to retain from a variety of processes in concentra-
tions that would make it easy to observe, which has
never occurred. They imply that the equilibrium
concentration of Si; at 1300 K is 4.6 x 10 ¢cm™3,
Recall that Okada finds®® the concentration of va-
cancies to be 2 x 10'® cm™ greater than any con-
centration of Si,.

We regard these contractions as further indict-
ment of the assumption that Si; plays any major role
in thermal processes. (We hold that the clearest in-
dictment is the inability to explain a two sided pro-
file of Aug. resulting from a source on one side only.)
We suggest that a better interpretation of obser-
vations such as those reported by Taniguchi et al.
begins with the observation that the incubation pe-
riod before some stacking faults begin to elongate
corresponds, according to their formula, to the time
required for the depth of the stacking fault to reach

Van Vechten, Schmid and Zhang

the far surface. When this happens, a large part of
the dislocation that bounds the stacking fault dis-
appears into the interface on the far side. This pro-
duces a large reduction in the total energy of the
stacking fault and stabilizes it. However, this oc-
curs only for the thin samples; oxidation of the far
side, with its concomitant tensile stress, injects Vs
as described above, which annihilate extrinsic
stacking faults by causing their dislocations to climb
toward the near surface. Thus, the excess energy of
the stacking faults in thick samples, where the faults
do not reach the far side, is relieved by (vacancy
mediated) self diffusion. In the thin (10 to 80 um)
samples, once some of the stacking faults have ex-
tended from one side of the sample to the other, they
can further reduce the energy of the sample by con-
suming those stacking faults that do not extend
across the sample. The sample energy can be re-
duced even further by combining stacking faults that
extend across the sample. Both annealing processes
can be accomplished by glide of the dislocations that
thread from one interface to the other and which
bound the stacking fault laterally, as well as by climb
mediated by vacancy emission and absorption at the
cores of the dislocations. As these stacking faults
cannot get any deeper than the width of the sample,
they must elongated in this annealing process. Given
that the density of stacking faults in the thin sam-
ples is of order 2 x 10° cm™2, the spacing between
their centers is about 45 um. Their length is ini-
tially 10 um and grows to more than 60 um. We
believe that annealing by dislocation glide is a nat-
ural explanation for this elongation.
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Abstract

We demonstrate the utility of observations of Au diffusion for
the characterization of point defect generation and annihilation
rates at surfaces and of vacancy distributions and diffusivity in
the substrate. We note particularly the effects of ambient gases
and surface finish on the diffusion process and on the resultant
distributions of electrically active Au. We deposited Au on
commercial float zone Si in a vacuum system after the Si had
reached the diffusion temperature (1233 K) and had been annealed in
various ways. Contrary to a previously published report, we find
the electrically active Au with a one-sided profile when the Au is
deposited and annealed in a vacuum. We obtain the previously
reported two-sided profiles for electrically active Au when
millitorr levels of O, are present in the ambient gas during
diffusion or during a preanneal prior to Au deposition. We conclude
that the polished or etched silicon surfaces lack the imperfections
needed to make them effective sources or sinks for vacancies or
self-interstitials, but that surface roughening caused by 0,
induced evaporation of SiO is sufficient to create very effective

sources or sinks.




I. INTRODUCTION

The diffusion of gold into silicon has been the subject of
extensive experiment, theory and controversy [1,2,3,4,5,6].
Previously reported experiments show a distinctive U-shaped profile
for electrically active, substitutional gold, Aug;, which results
even when the source is on one side only and precautions are taken
to avoid surface diffusion. It is generally agreed that the Au
diffuses rapidly as an interstitial, Au,, and that the
concentration of Au,, is orders of magnitude less than the
equilibrium concentration of Au;. There is controversy concerning
how Au, becomes Au,;, with a symmetric profile from a one-sided
source. Initially a Frank-Turnbull (FT) or dissociative mechanism
(1) was invoked to explain this profile. In this mechanism
vacancies, V, generated at the surfaces diffuse into the bulk and

combine with Au; to form Aug;.

Au,+VsAug, (1)

Others claim that the profile results from a "kick-out"
mechanism and is determined by the creation of silicon self-
interstitials, Si,, in the bulk via reaction (2) and their

subsequent out-diffusion and annihilation at the wafer surfaces.

Au;=Aug,+Si, (2)

In both of these models it was assumed that the sample surface

is an ideal source or sink for vacancies and interstitials, that




the interior of the sample is at thermodynamic equilibrium at the
onset of the diffusion (time t=0) and that point defect creation or
annihilation at the surfaces is the key factor which creates a two-
sided profile.

Van Vechten, Schmid, and Zhang have shown through direct Monte
Carlo simulation [5] that the kick-out hypothesis cannot produce
the reported two-sided and nearly symmetric profile from a strictly
one-sided source starting with a perfect sample. Simulations of the
FT mechanism for the corresponding assumptions, to be published
elsewhere, are two-sided but not symmetric and do not resemble the
reported profiles well either.

The initial motivation for this study of Au diffusion into Si
was to gain an understanding of how the previously reported U-
shaped profile can result from a one-sided diffusion and to make
use of the rapidly diffusing Au interstitials to plot out the point
defect profiles and to determine their diffusion rates. We noted
that because the Au interstitials diffuse so fast, we can introduce
them at various times after the sample temperature, T, has been
raised to levels that self diffusion is significant and use them
to decorate vacancies rendering these immobile in a short time. In
this way we sought to make "snapshots" of the vacancy distribution
during the high T processes by observing the distribution of Au
by spreading resistance profiling, INAA, and TEM. We also noted
that the Kkick-out model and the FT model make qualitatively
different predictions for the case of a sample preannealed prior to

the deposition of the Au. According to the FT model, the profile




should be almost entirely determined by the time the vacancies have
to diffuse with or without the Au because the profile is determined
by the distribution of sites where the Au,'s find vacancies to
occupy. According to the kick-out model, the profile is determined
by the time the Au is present at high T because the profile results
from the interplay between the Aug; and the Si; that they produce.
We report here our conclusions on the effect of ambient gas on
surface perfection and the resulting effectiveness of the surface

as a source or sink for point defects.



II. EXPERIMENT

Commercially available float-zoned 100mm diameter boron-doped
silicon wafers of <100> orientation, resistivity of 60-70 ohm-cm
were cleaved into strips 1 cm x 9 cm X .05 cm prior to processing.
This material has a low interstitial oxygen concentration and is
free of dislocations. Samples 1 - 12 were mirror polished on ocne
side and caustic etched on the other side. The caustic etching is
sufficient to remove all surface damage as revealed by dislocation
etches. Samples 13-17 were mirror polished on both sides. No
surface preparation or cleaning was performed. Recent work
indicates that the presence of a native oxide layer is essential to
the diffusion results reported here.

Figure 1 shows the apparatus used for the sample annealing and
the gold deposition. An Ohmic contact was made to both the silicon
sample and heater strip at both ends with graphite electrodes. An
ac voltage controlled by an autotransformer was applied to both the
sample and heater strip to provide resistance heating. The sample
was radiatively heated by the heater strip, a 0.02 ohm-cm boron
doped silicon strip mounted 1 mm from the sample, until the sample
conductivity was sufficient to permit resistance heating. The side
of the heater strip facing the sample was coated with an S$io, layer
to prevent contamination of the sample with out-diffused boron. An
optical pyrometer mounted outside the vacuum chamber measures the
temperature of the heavily doped strip and controls the

autotransformer. The optical pyrometer is calibrated at the melting




point of silver (1233 K). The sample is mounted in a vacuum chamber
above a resistance heated molybdenum boat containing the gold to be
evaporated onto the sample. This equipment allows gold deposition
onto the heated sample at any time during the annealing while
maintaining the sample at processing temperature. During annealing,
a gold layer with a calculated thickness of 3 nm was deposited on
samples 1-11, and a 60 nm layer was deposited on samples 12-17. The
ambient gas was established by venting the chamber with argon, with
air and by operating in a vacuum of <4.0 E-6 Torr.

After processing, the samples were bevel polished and measured
by a spreading resistance probe (SRP). The spreading resistance
values were converted into resistivity by use of three p-type
calibration samples covering the range 22-118 ohm-cm. The
resistivity change after gold diffusion is used to calculate the
concentration of electrically active substitutional gold using the
method discussed by Coffa et al [3]. We used a degeneracy factor of
28 [7]) to facilitate comparison of the Au profiles presented here
with the profiles published by Coffa et al [3]. INAA applied to
sample 13 gave total Au concentrations which agreed well with the
total electrically active gold concentration measured with the SRP.
The large degeneracy factor may mask the presence of non-
electrically active gold in the sample since the degeneracy factor
calculations (7,2] assume that virtually all of the Au diffused
into the sample occupies electrically active Aug; sites. Non-
electrically active gold could result from the precipitation of Au,

into vacancy clusters in the interior of the sample.




EFFECT OF AMBIENT GAS ON GOLD DIFFUSION PROFILE

Figure 2 shows the measured profile for the sample 13 which
was annealed in an actively pumped vacuum (<4.0E-6 Torr) for 30
minutes at 1233 K following the deposition of the gold. In all
figures the gold was deposited on the surface defined by depth=0.In
stark contrast to the two-sided profiles published by Coffa (3], or
Stolwijk et al [2], this profile is clearly one-sided. All samples
which were annealed in vacuum, including those with caustic etched
backsides, show a similar profile.

Figure 3 shows the measured profile for sample $ which was
annealed at atmospheric pressure in argon at 1233 K. This sample
has a two-sided or U-shaped profile but is asymmetric. The lower

Au,. concentrations compared to sample 13 are probably due to the

si
smaller amount of gold which was deposited on the surface.

Figure 4 compares the effects of 5 min. Au diffusions at 1233
K in air at 0.5 Torr pressure with (sample 15) and without (sample
16) a 30 min. preanneal in the same ambient gas at 1233 K. After
preannealing sample 15, the chamber. was evacuated, Au deposited,
pressure returned to 0.5 Torr and the sample annealed for an
additional 5 min. without any change in T. The Aug, profile is U-
shaped but asymmetric and similar in appearance to the sample 9
shown in figure 3. This similarity occurs even though the Au was
diffused into sample 15 for only 5 min. as compared to 30 min.
diffusions for samples 9 and 13. Sample 16 which received the 5

min. Au diffusion without a preanneal, shows a much lower

concentration of Aug. .




DISCUSSION

For either the FT or kick-out mechanisms, the two-sided
profile is caused by the wafer surfaces acting as sources or sinks
for the point defects which mediate the diffusion of the Au... The
one-sided profiles obtained when the diffusion occurs in a vacuum
indicate that undamaged polished or etched silicon surfaces consist
primarily of steps, lacking the energetically costly kink sites and
are 1ineffective as sources or sinks for point defects.
Swartzentruber et al [8] used STM to determine step and kink
energies on (100) silicon surfaces and noted that their analysis
was "complicated by the fact that there are so few kinks.". The
deposition of gold and the subsequent formation of a gold eutectic
layer creates the required kink sites only on the side receiving
the Au deposition, resulting in the observed one-sided Aug,
profiles.

For the samples annealed in argon or reduced pressure air a
different mechanism is responsible for the formation of the kink
sites. Annealing silicon wafers in inert gases is known to cause
"thermal etching” of the surfaces due to O, partial pressures below
the 10® atm. range in the annealing gas [9,10,11]. The O, attacks
the silicon surface to form SiO which evaporates from the surface.
The resulting surface roughening and etch pit formation provide
ample kink sites to drive the point defect reactions (1) or (2). At
higher oxygen partial pressures, a protective layer of Si0, forms

which protects the surface from damage. The occurrence of the two-




sided profile in both argon at atmospheric pressure and air at
reduced pressure demonstrates that thermal nitridation of the
surface is not the primary reaction which creates the kink sites.
Preliminary evidence suggests that surfaces oxidized at 1233 K in
air at atmospheric pressure also lack the sites necessary to sink
or source point defects. We suggest that annealing samples in inert
gases with low partial pressures of O, is an effective method for
injecting vacancies into the sample.

The anneals described in the literature occurred in nitrogen
(3], argon [1,2] or vacuum [1]. However, the vacuum anneals in [1]
occurred in evacuated quartz ampoules as opposed to actively pumped
vacuum systems. In all of these cases it is reasonable to assume
that oxygen contamination occurred at ppm level and resulted in
thermal etching which created the sinks or sources resulting in a
two-sided profile. Gas phase transfer of Au from the frontside to
the backside would be expected to occur in the ampoule annealed
samples since the vapor pressure of Au at 1233 K is 1 E-6 Torr.
Such transfer could account for the symmetric profiles reported by
Stolwijk et al [1,2].

The results from samples 15 and 16 suggest that the presence
of gold is not solely responsible for the development of two-sided
point defect profiles but also serves to decorate the point defect
concentration profiles present at the time it is diffused into the
wafer. The difference between the profiles of samples 15 and 16 is
predicted by the FT mechanism but is inconsistent with the solely

interstitial based Kkick-out model used by Coffa et al [3].




According to such a model the Ay profiles of samples 15 and 16
would be predicted to be identical since there is no out-diffusion
of Si; prior to the creation of high concentrations of these point
defects by the deposition and subsequent diffusion of the gold.
Given this assessment of the role of gold as a defect marker, the
techniques described in this paper will serve as a useful

characterization tool for studying the generation of point defects

at surfaces and in the bulk.
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FIGURE CAPTIONS

1. Schematic diagram of the apparatus used for gold deposition and

annealing.

2. Electrically active Ay, concentration for sample 13 with no

preanneal, annealed for 30 min. at 1233 K in vacuum after gold

deposition.

3. Electrically active Ay, concentration for sample 9 with no
preanneal, annealed for 30 min. at 1233 K in 760 Torr argon after

goid deposition.

4. Electrically active Aug, concentrations for sample 15 with a 30
min. preanneal at 1233 K in 500 mTorr air, annealed for 5 min. at
1233 K in 500 mTorr air after gold deposition and sample 16
annealed for 5 min. at 1233 K in 500 mTorr air after gold

deposition without a preanneal.
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ABSTRACT

We propose a generalized model for gold diffusion in silicon
based on the effect of the high concentrations of vacancies and
vacancy complexes in the as-grown silicon. The monovacancy
profiles calculated using this model are identical to the
substitutional gold profiles calculated using the kick-out model.
We deposited Au on commercial float zone Si in a vacuum systenm
after the Si had reached the diffusion temperature (1233 K) and
had been annealed in various ways. Contrary to previously
published reports, we find the electrically active Au with a
nearly one-sided profile when the Au is deposited on samples which
were preannealed in vacuum. We conclude that annealed silicon
surfaces lack the imperfections needed to make them effective
sources or sinks for vacancies or self-interstitials. We propose
that this can cause a high degree of supersaturation in the as-
grown silicon crystal since the point defects cannot annihilate at
the surfaces to maintain equilibrium as the crystal is cooled.

INTRODUCTION

The diffusion of gold into silicon has been the subject of
extensive experiment, theory and controversy [1,2,3,4,5,6].
Previously reported experiments show a distinctive U-shaped
profile for electrically active, substitutional gold, Aug, which
results even when the source is on one side only and precautions
are taken to avoid surface diffusion. It is generally agreed that
the Au diffuses rapidly as an interstitial, Au,, and that the
concentration of Au;, is orders of magnltude less than the
equilibrium concentratlon of Au,,. There is controversy concerning
how Au; becomes Aug with a symmetrlc profile from a one-sided
source. Initially a Frank-Turnbull (FT) or dissociative mechanism
(1) was invoked to explain this profile. In this mechanism
vacancies, V, generated at the surfaces diffuse into the bulk and
combine with Au; to form Au;.

Au+V=Aus, (1)

The FT mechanism with the assumption that the vacancies are only
generated at the surfaces has not yet been shown to explain the
profiles observed in dislocation~-free silicon.

Van Vechten, Schmid, and Zhang have shown through direct
Monte Carlo simulation that the FT mechanism cannot produce the
reported nearly symmetric profile from a strictly one-~sided source
starting with a perfect sample. These simulations, to be published
elsevhere, are two-sided but not symmetric and differ




significantly from the reported profiles.

Others claim that the profile results from a "kick-out" (RO)
mechanism and is determined by the creation of silicon self-
interstitials, Si;, in the bulk via reaction (2) and their
subsequent out-d1ffusxon and annihilation at the wafer surfaces.

AurAUg+ S, @)

Both of these models assume that the sample surface is an
ideal source or sink for vacancies and interstitials, that the
interior of the sample is at thermodynamic equilibrium at the
onset of the diffusion (time t=0) and that point defect creation
or annihilation at the surfaces is the key factor which creates a
two-sided profile. The KO model also assumes that a uniform
concentration of Au, is established at the start of the diffusion
process.

Van Vechten, Schmid, and 2Zhang have shown through direct
Monte Carlo simulation (5] that the kick-out hypothesis cannot
produce the reported two-sided and nearly symmetric profile from
a strictly one-sided source starting with a perfect sample. These
simulations demonstrate that the assumption of a uniform Au, is
incorrect. Nevertheless, the numerical solution of the partlal
differential equation resulting from the KO mechanism provides a
remarkable fit to the experimental data. Accordingly, we sought
models for Au diffusion based on vacancy and vacancy complexes
which would produce the same differential equation as the KO
model, but did not require the existence of significant
concentrations of silicon self-interstitials.

A GENERALIZED MODEL FOR GOLD DIFFUSION

We propose that a generalized model for gold diffusion be
considered. The reaction

A=B+C A3)

is assumed to establish a 1local equilibrium governed by the

181a _g @
[A]

A = A homogeneously distributed defect in the silicon at t=0
which is not decorated by gold. To a first approx1matlon, [A] is
assumed constant in time.

B= A defect which is capable of being decorated by gold to
produce the observed substitutional gold profile.

C= A defect with diffusivity D, which obeys the diffusion
equation (S5) and can be annihilated at the silicon surfaces.

oT ax2 Car




Solvxng equation (5) for [B] using equation (4) and assuming that
(A] is constant and that the equilibrium value of k([A] is
negligible compared to [B] yields the equation:

A i ®
X [B]? ox

Where D = [C]* (B]*™ D..

For A = Au; , B = Aug; , and C = Si;, this equation is the
differential equatlon derived from the xo model, the solution of
which provides an excellent fit to experimental data However, any
other model with defects that satisfy the definitions of A, B, and
¢ would also produce a defect profile which matches the
experimental profiles for Au,. In particular, we propose a
"vacancy cluster" model with A =V¥, B=V, and ¢ = V! where W is
a ciuster or void containing N vacancies. These vacancy clusters
are formed from the high concentration of vacancies quenched into
the silicon during crystal growth. We will show experimental
results which suggest that the surface of the growing crystal is
a rather ineffective sink for the grown-in vacancies. For the case

N = 3 we have:

VVaV+ V2

This reaction with B = V creates a monavacancy distribution
which matches the experimentally obtained U-shaped profile for
Aug, As the sample is cooled to room temperature, the
supersaturated Au, atoms would become Aug; via the FT mechanism,
thereby producing the observed profile.

We note that this model assumes that the Au, are not active
in the formation of the U-shaped vacancy proflle. At high
temperatures the reverse reaction of (1) is dominant. Only near
room temperature, where all experimental measurements of the
profile are made, can the forward reaction proceed to completion.

We cannot distinguish between the KO model and the vacancy
cluster model by examination of the Aug; profile since both models
predict the same profile. However, these two models make different
predictions when we consider anneals which occur prior to the
deposition and diffusion of the Au. The KO model predicts that
preanneals occurring before Au diffusion should not have any
effect on the Au, profile. The profile predicted by the vacancy
cluster model should be affected by the duration of high
temperature anneals which occur before the diffusion of the Au
since diffusion of monovacancies occur even in the absence of Au.
It appears that the effects of preanneals on Au diffusion have not
been previously reported. The equipment and experiments designed
to test the effects of preanneals on Au diffusion are described

below.

EXPERIMENT

The equipment used in these investigations has been described
elsewhere (7], the following is a brief description included for




completeness. Double side polished float-zoned 100mm diameter
boron-doped silicon wafers of <100> orientation, re51st1v1ty ‘of
60-70 ohm-cm, were cleaved into strips prior to processing. The
side to be coated with Au was vapor stripped with HF.

Figure 1 shows the apparatus used for the sample annealing
and the gold deposition. An ac voltage controlled by an
autotransformer was applied to both the sample and heater strip to
provide resistance heating. The sample was radiatively heated by
the heater strip, a 0.02 ohm-cm boron doped silicon strip mounted
1 mm from the sample, until the sample conductivity was sufficient
to permit resistance heating. An optical pyrometer mounted
outside the vacuum chamber measures the temperature of the heavxly
doped strip and controls the autotransformer. The sample is
mounted in a vacuum chamber above a resistance heated molybdenum
boat containing the gold to be evaporated onto the sample. This
equipment allows gold deposition onto the heated sample at any
time during the annealing while maintaining the sample at
processing temperature.

After processing, the samples were beveled and measured by a
spreading resistance probe (SRP). We used a degeneracy factor of
28 [8] to facilitate comparison of the Au profiles presented here
with the profiles published by Coffa et al [3].

Figure 2 shows the Au,, profile obtained from a sample which
was rapidly heated in vacuum to 1233 K and immediately coated with
Au on the side at Depth = 0, and then annealed for 5 minutes at
1233 K to diffuse the Au. The profile for this sample is much more
asymmetrlc than previously published profiles (1,2,3). Both
profiles in this figure were normalized with a Au,®™ value of
3.25E15/cm~3, a value selected to provide the best fit to the
calculated curve. This value is within the range of values for
Aug*? given by Coffa (3]. The solid line on the graph is the
numerlcal solution of equation (6) using the published value (3]
of D'=1.6E-8 cm*~2/sec.

The second sample shown in figure 2 was preannealed in vacuum
at 1233 K for 90 minutes prior to the deposition of a Au layer and
then annealed at 1233 K for 5 minutes to diffuse the Au. In
contrast to the non-preannealed sample, the Aug, profile is nearly
one-sided. Despite the longer total annealing time, this sample
has a much lower Aug concentration on the side which did not
receive the Au deposition. An additicnal sample (not shown) was
preannealed for 90 minutes at a pressure of 500 mTorr of air prior
to the Au deposition. This sample is very similar in appearance to
the vacuum annealed sample, but with a higher Au; concentration
at depth = 500 microns.

We have noted [7] similar nearly one-sided profiles under a
range of conditions including cases where the sample was annealed
for 30 minutes following the Au deposition.

DISCUSSION

For either the FT, KO or vacancy cluster mechanisms, the two-
sided profile is caused by the wafer surfaces acting as sources or
sinks for the point defects which mediate the diffusion of the
Au,,. The one-sided profiles obtained when the diffusion occurs in
a vacuum indicate that undamaged silicon surfaces which have been
annealed at high temperature consist primarily of steps, lacking
energetically costly kink sites and are ineffective as sources or
sinks for point defects. The deposition of Au and the subsequent
formation of a Au eutectic layer creates the required kink sites




only on the side receiving the Au deposition, resulting in the
observed one-sided Au;, profiles. In all the previously reported
work on Au diffusion the samples were coated with Au prior to any
high temperature processing. We propose that in such samples Au
can diffuse to the uncoated side of the sample and stabilize the
kink sites before they are annealed out. The sample which did not
receive a preanneal shows an asymmetric two-sided profile because
the kink sites did not have time to completely disappear prior to
arrival of Aug,. This theory is supported by the work of
Swartzentruber et al (9] who used an STM to determine step and
kink energies on <100> silicon surfaces and noted that their
analysis was "complicated by the fact that there are so few
kinks."

The inability of an annealed silicon surface to act as a
source or sink for point defects supports the proposal that
silicon is highly supersaturated with vacancies which originated
during crystal growth. These vacancies would be unable to
annihilate on the solidified surfaces of the crystal and could
only establish equilibrium by diffusing to the solid/liquid
interface.
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Abstract

Several approaches have been emploved to reducs
brighcness-voltage inscabilities of ZnS:Mn ACTFEL dis-
plays. One approach involves the addition of a Ca$s
layer at one or both of the phosphor/insulator inter-
faces. Anocher approach involves oxygen exposure of
ZnS prior cto second insulator deposition. Major
improvements are observed., as detsrmined by brighc-
ness-voltage aging and lacent image experimencs.

Laczodyccion

One of the current challenges facing ZnS:¥n
alternating current thin film electroluminescanc
(ACTFEL) device technology is fabrication of displays
with variable brightness incensity. This geal, in
principle, can be accomplished by varying the driver
voltage amplitude; in practice, instabilities in the
srightness-voltage (BV) characteristics can lead to
luminance shifts. [t has been shown that symmecric
drive addressing circuitry stabilizes cthe chreshold
and saturation luminance.' However, there is scill
che question of intermediate brightness level insta-
bility. Our goal for che work described herein was <o
{mprove che intermediace BV stabilicy of ZnS:Mn de-
vices.

Ja have employed two apprcaches which resul: in
improved ACTFEL device stability. The first cechnique
is to deposit an intermediace CaS layar betveen the
ZnS phosphor and the silicon oxynitride., SiON, insula-
tor. We find, unlike che previous raports,’ chis
approach leads to improved stability regardless of
whether the CaS is deposited at the top or boctom
incerface or at bocth interfaces. A second process
modificacion which yields improved device sctabilicy is
co expose the ZnS:Mn surface Co an oxidizing ambient
prior to deposition of the second insulator. We have
found that improvement in the device stabilicy is
rather insensitive to how the oxygen sxposure is
accomplished.

Sxpezimencal Methods
2evice Scxucgtures

The electroluminescence displays, for chis exper-
iment, are fabricaced with a 4~inch by 8-inch active
area, 256x512 pixels. Each pixel for a standard panel
has a structure as shown in Figure 1 where evaporaced
ZnS:Mn is che active phosphor layer which is sand-
wiched becween two sputtsred 3iON insulacor layers.
Aluminum and ITO electrodes are pacterned using scan-
dard phoctolithography methods. Annealing is usually
performed in a nitrogen ambient after deposition of
the second insulator.

Two device structures are used for improved sta-
bility. The first mechod involves the addition of Ca$
ouffer layers which were added to both or either side

Al

A T

]

SION

ZnS:Mn A S e
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Figure 1. The Electroluminescent Device Structure.

of the ZnS layer (Figure l). The CaS was deposited by
alectron beam evaporation. In addition %o the wvaria-
tion in che location of the buffer layer., differenc
CaS deposition temperatures were also tested.

The second method involves a modificazion of cthe
annealing treatment and subsequent oxygen 2xposure.
Racher chan amnealing in nitrogen after che second
insulacor deposition, the device is annealed after Zas
deposition but prior to deposition of the second
insulacor. This anneal is accomplished in vacuum a:
460°C. After vacuum annealing, the ZnS surface was
exposad to oxygen by heating the sample in air or by
oxygen plasma exposure at room temperature. Our
experience indicates thac the method of oxygen expo-
sure is not significant, whereas a vacuum anneal prior
to oxygen axposure is required for improved stabilicy.

Measuxemenc Technigques

Two types of measursmencs are used to assess the
ralative device stabilicy. The first test is denoced
BVB for brightness voltage bands A selected set of
columns in the panel are driven through an array of
resisctors for differenc aging times. This experiment
usas drivers which output uniform, symmecric, 200 Hz
voltage waveforms simultaneously to all "on" pixels.
This measursment technique allows operation of differ-
ent adjacent columns for different aging times buc
measurement of all columms at che same time; thus,
avoiding problems with drift of the measurement equip-
menc.'

L}

The second test employed for assessment of rela-
ctive device stability is the latent image cest.
Portions of a full-sized panel are operated continu-
ously for an extended pariod of time (700 hours for
the work reported herein) using commercial, symmecric.
60 Hz drivers while other portions of che panel are
left off. After 700 hours of operation, the encire
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panel is momentarily turned on and the differencial

brightness of che aged versus unaged portions of cthe
Panel are measured. This differencial brighcness is
then plotted as a function of the brightness of che

aged portion of the device, which varies as the peak
applied volctags.

Resulcy

BV curves as a funcction of aging (from che 3VB
test) are shown in Figures 2 and 3 for, respeccively,
a standard panel and for a panel with a 100 nm Ca$
buffer layer inserted at che sacond ZnS/insulator
incarfaca. The improved device stability is evident.
Ve find a similar improvemenc in the device scability
if CaS is presant at cthe first ZnS/insulator incerfacse
or if it is present at both incerfaces. Thus, the
presence of a CaS buffar layer improves cthe ACTFEL
device stability. We find the location of the buffer
layer co be unimportant in contrast to chat found by
investigacors ac Matsushita, who concluded that ioe
provement could onlg ba obtained when CaS was placed
ac both interfaces.® Thus, the instabilicy mechanisa
proposed by Matsushita, ion migration from the insula-
tor, does not seem to0 be operative in our devices.
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Figure 2. Brighctness-Voltage Characteristics as a
Function of Aging of a Standard Concrol
Panel.
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Function of Aging of a Device with a Cas
Buffer Layer at che Second ZnS/Insulacor
Interfacs.

The sensitivicy of cthe device stabilicty is a
function of che CaS deposition temperature. Three Cas
deposition cemperactures were investigated: 180, 230.
and 320°C (Figure 3 is for 230°C). A slight improve-
ment was observed as the deposition temperature
increased. Thus, a higher CaS deposition temperacure
gives improved device stabilicy.

The BVB test was also applied to the scructure
with ZnS exposed cto oxygen. The BV curves of a panel
heated in air after the vacuum anneal i{s shown in
Figure 4. The improved sctability compared to the
control panel of Figure 2 is clearly evident. Several
other panels wers prepared using other oxygen exposure
procedures; heat treatment in air for temperacures
becween 150 and 260°C for various oxidation cimes and
oxygen plasma exposure at room temperature for 1-10
@in. For all conditions investigated, the improved
stability {s similar to thar shown in Figure 4.
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Figure 4. Brightness-Voltage Characteristics as a

Function of Aging for am Oxygen—~cxposed
Panel.

Certain trends in aging are evident from a com—
parison of Figures 2. 3, and 4. The threshold volcage
of the BVB curve increases fur the control samples:
the residual threshold voltage shift in the 3VB ploc
also increases for the case of oxygen exposed devices
whersas it decreases for the case of devices with a
CasS buffer layer. The maximum brightness levels are
comparable between standard panels and the ones with a
Cas buffer layer. However, for the same layer thick-
ness, the brightness level of oxygen—exposed panels is
lower tham that of a standard panel.

The second type of measursment used to character-
ize the device stabilicy is che lactenc image cesc.
The latent image characteriscics for one control
device, one device with CaS at the second ZnS incer-
face, and one device vacuum annealed and heated in air
are shown in Figure 5 for an aging time of 700 hours.
Note that an idesal plot would have zero differencial
brightness for all brightnesses of che aged portion of
the devica. The 4ifferencial brighcness for this jlot
is obtained where che brightness »f the aged area is
below 4 FL, where experience has shown the worst aging
effects. The result indicates that, in agreement with
BVB results, the two new process modificacions actuai-
ly improve the performance of panels in standard
drivers. In general. the lacent image test shows cthe
same trends in improved stabilitv as the 3VB cesc.
One exception is wnen the CaS is deposited at the
bottom interface; in which case no improvemsnt in
stability is observed with the lacentc image cest
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compared to che concrol sample. The latent imsge tasc
is conaidered less conclusive than the BVB cast
becauss of uncertainties in the driver circuitry and
in the sample history: chis issue is presently under
further consideration.

Gonclusions

Two different approaches have been demonsctratad
o yield improved device stability as monitored by BVB
and lacent imsge cests. Jne approach is ¢o insert a
chin buffer layer of CaS at one or both ZnS/insulacor
interfaces. The second approach involves oxygen
axposure of che ZnS surface prior to deposition of the
second insulactor. The second approach suffers from
the fact that the device brightness is significancly
reduced by oxygen axposure.

An atomistic explanacion for the observed davice
improvement is currently unclear. We postulace the
improvement is associated with a reduction in the
number or a reduced tendency of sulfur vacancies to
diffuse during device operation. We are currencly
undertaking experiments to quantify and furcther test
this hypothesis.
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The capacitance-voltage (C-¥) technique is proposed as a method for characterization of the
electrical properties of alternating-current thin-film electroluminescent (ACTFEL) display
devices. Analysis of the C-V and aging characteristics of ZnS:Mn ACTFEL devices indicates
that the C-¥ technique is complementary to the charge-voltage technique in the extraction of

device physics information.

The standard technique used to characterize the electri-
cal properties of alternating-current thin-film electrolu-
minescent (ACTFEL ) display devices is charge-voltage (Q-
V) analysis.'® The purpose of this letter is to propose a
complementary approach for electrical characterization of
ACTFEL devices, the capacitance-voltage (C-¥) tech-
nique. Since capacitance is simply the derivative of charge
with respect to voltage, the C-¥ technique can be viewed as
an extension of the @-V technique.

The C-¥ measurement is accomplished using the circuit
shown in Fig. 1. An ac waveform generator with a small duty
cycle drives the ACTFEL device and a 0.5-5 k() series resis-
tor. For all of the data present herein, the waveform used is
generated with a Wavetek model 275 Arbitrary Waveform
Generator and is a | kHz symmetric waveform with 5 us rise
and fall times and a 35 us pulse width measured at 50% of
the maximum pulse amplitude. The C-¥ curve is obtained by
recognizing that
dg _ dg/dt i
dv, dvydt dvy/dt
The current may be obtained as the voltage difference across
a series resistor:

i= (v, —vy)/R,. )
In Egs. (1) and (2), v, and v, are voltages with respect to
ground as indicated in Fig. 1 and are obtained by sampling
with a Tektronix model 7854 digitizing oscilloscope. The
mathematical operations defined by Eqs. (1) and (2) are
accomplished with the digitizing oscilloscope and the C-V
curve is obtained by ploting C vs v,. The experiment is con-
trolled with a personal computer which is also used for data
storage and further data processing, if required. The viability
of this method of measuring capacitance was tested by re-
placing the ACTFEL device with a capacitor of known val-
ue; the known capacitance was accurately determined using
the above technique.

To understand the nature of the C- ¥ measurement, first
consider the ideal Q-¥ curve of an ACTFEL device, shown
in Fig. 2, operating in steady state in a light emission regime.
Differentiating Fig. 2 results in the ideal C-¥ curve illustrat-
ed in Fig. 3. The minimum capacitance is that due to the
total capacitance of the ACTFEL device (i.c., a series com-
bination of the phosphor and insulator capacitances) while

C= (1)
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the maximum capacitance is that due exclusively to the insu-
lators as the phosphor is conducting during the charge trans-
fer portion of the waveform.'® Additionally, the threshold
voltage indicative of the onset of charge transfer V', and the
maximum applied voltage amplitude ¥, are indicated in
Fig. 3.

In actual measurements, the C-¥ curve is normally ac-
quired individually for each voltage polarity and only the
first half of the driver pulse waveform is acquired. Each vol-
tage polarity waveform is acquired individually because of
the extremely small duty cycle of the driver waveform which
precludes high-resolution digital acquisition of two subse-
quent waveforms. Only the first half of the driver pulse
waveform is usually acquired since the information of most
relevance is contained in this regime. The second half of the
pulse is essentially due to the retrace which is manifest in
Fig. 3 as the portion of the C-V rectangle indicated by the
dashed lines. Thus, an ideal standard C-¥ curve would look
like the right half of the curve shown in Fig. 3 with the
dashed line traces absent.

A Q-¥ curve of a ZnS:Mn ACTFEL device is shown in
Fig. 4. The charge Q for this curve is obtained from an inte-
gration of the current found in Eq. (2). The slopes of the
straight line fits to the Q- ¥ characteristic yield the insulator
and total device capacitances, as in the ideal Q-¥ case. The
intersection of these two straight line fits defines the thresh-
old voltage. However, note deviations from ideal linear be-
havior near ¥V, and V.

To investigate these deviations from ideality in more

vy v2

& ]

o=y —_—

FIG. 1. Circuit used for C-¥ analysis.

© 1990 American Institute of Physics




Q4

FIG. 2. Ideal @-¥ curve.

detail, it is convenient to focus attention on the C-¥ curve of
Fig. 5 which is derived from the same data as Fig. 4. Before
Eq. (1) was used to calculate C, the numerically computed
voltage derivative was filtered via least-squares approxima-
tion using piecewise, quadratic polynomials with B-spline
basis functions. This operation suppresses the amplified
noise due to differentiation. The horizontal portions of the
C-¥ curve are due to the constant capacitances associated
with the total and insulator capacitances. The transition re-
gion near V,,, corresponds to the initiation of transferred
charge from localized states near the interface across the
ZnS, thereby exciting Mn atoms into luminescently active
excited states and shunting the ZnS capacitance.

It is evident from Fig. 5 that the threshold voltage is not
as clearly defined as implied by the ideal curve of Fig. 3. In
fact, three different definitions of the threshold voltage from
Fig. § are possible corresponding to the onset of the transi-
tion, the midpoint of the transition, and the saturation of the
transition in which the capacitance is exclusively that of the
insulator capacitance, which wedenote V,,,, ¥ 2, and V5,
respectively. We have found that V,,, varies most readily
with changes in the pulse width or voltage amplitude of the
applied waveform while ¥/, is relatively insensitive to these
variations. We attribute ¥, to the onset of emission of elec-
trons from shallow interface traps. Also, we believe that V', ,
corresponds to the initiation of field clamping. We have also
found that V,,, corresponds most closely to the threshold
voltage found from Q-¥ measurements.

Total and insulator capacitances calcuiated on the basis

LR
.

ecaeae e o = et et eetrere— - = = v o * P T

1
1 ¥
“Vm -V'n

FIG. 3. Ideal C-¥ curve obtained from differentiation of Fig. 2.
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FIG. 4. Q- ¥V curve for a ZnS:Mn ACTFEL device.

of the thicknesses and dielectric constants of the insulator
and phosphor layers are found to be in good agreement with
values obtained from the C-V measurement. It is apparent
from this discussion that the C-¥ measurement reveals more
device physics information regarding the transferred charge
threshold characteristics than the Q- ¥ measurement.

The second deviation from ideality which occurs in Fig.
S is an increase in the measured capacitance at voltages near
V... This deviation is also apparent in the Q-F curve of Fig.
4. There are two possible explanations for this increase in
capacitance at large applied voltages. First, the insulator
leakage is large enough that the appropriate circuit model
for the insulator is a resistor in parallel with the insulator
capacitance such that the apparent rise in capacitance is due
to a RC effect. Second, transferred charge is injected into the
insulator such that the effective thickness of the insulator is
reduced and the corresponding capacitance of the insulator
is increased. Further work is required in order to determine
which explanation is preferred.

The C-V technique is useful for aging analysis of ACT-
FEL devices. The aging characteristics of a ZnS:Mn device
are indicated in Fig. 6. The C-¥ characteristics shift to high-
er voltages with respect to aging time. Note that this shift in
the C-¥ curves is an essentially rigid shift and is found to be

C-V CHARACTERISTIC OF ZnS : Mn DEVICE

CAPACITANCE (nF)

0.0 +—r—T—y—ry——r—r—rr—y YT
0O 20 40 60 80 100 120 140 10 180 200

DRIVING VOLTAGE (V)
F1G. 5. C-¥ curve for 2 ZnS:Mn ACTFEL device.
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C-V CHARACTERISTICS AS A FUNCTION OF AGING
ZnS8n DEVICE
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FIG. 6. C-V curves as a function of aging time for a ZnS:Mn ACTFEL
device.

CAPACITANCE (nF)

logarithmic with respect to aging time. Although not evident
from Fig. 6, it is found that the insulator and total capaci-

1891 Appl Phys. Lett., Vol. 56, No. 19, 7 May 1990

tances are independent of aging time, except near V,, .

In summary, we propose the C-¥ technique as a means
of exploring the electrical properties of ACTFEL display
devices and we demonstrate the utility of the technique from
an analysis of the C-¥ and aging characteristics of a ZnS:Mn
device. Although the C-V technique may be regarded as an
extension of the Q-F technique, we believe C-Vanalysis to be
more readily interpretable in terms of the physics of the
ACTFEL device.
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CHARACTERIZATION OF ZnS:Mn AC THIN-FILM ELECTROLUMINESCENT DEVICES BY CAPACITANCE-
VOLTAGE ANALYSIS

R.C. McArthur,* J.D. Davidson,* |. Khormaei.t J.F Wager,* and C.N. Kingt

*Department of Electrical & Computer Engineering, Center for Advance: :iaterials Research, Oregon State
University, Corvallis, OR 97331-3211, USA.

tPlanar Systems, inc., Beaverton, OR 97006, USA.

ABSTRACT

A new method for characterizing the electrical properties of alternating-current thin-film electroluminescent
(ACTFEL) devices, the capacitance-voltage (C-V) technique, is described. The C-V technique is complementary
1o the charge-voitage (Q-V) technique which is conventionally employed for ACTFEL device analysis.

1. THE CAPACITANCE-VOLTAGE (C-V) TECHNIQUE

The C-V measurement’ is accomplished using an arbitrary waveform generator (Wavetek Model 275) with
a small duty cycle to drive the ACTFEL device and a 1.5 k Q series resistor. The standard waveform used is
symmetric with a frequency of 1 kMz, rise and fall times of 5 us, and a pulse width of 30 us where the pulse width
is defined as the time over which the waveform is constant at its maximum voltage. The waveform voltage. v,, and
the voltage across the ACTFEL device. v,, are monitored with a digitizing oscilloscope (Tektronix Model 7854) as
indicated in Fig. 1. The C-V curve can then be obtained by recognizing that

C:ﬂ:ﬂd—t:——i—_ (1)
AV, ~ dvgdt | dvjat

The current is obtained as the voitage difference across the series resistor:
i = (v,-v)R, . 2

The mathematical operations defined by Egs. (1) and (2) are accomplished with the digitizing oscilloscope and the
C-V characteristics are obtained by plotting C versus Vy. The experiment is controlled with a personal computer
which is also used for data storage and further data processing, if required.

2. INFORMATION AVAILABLE FROM C-V CURVES

A C-V curve for a ZnS:Mn ACTFEL device is illustrated in Fig. 2. The minimum capacitance at low voltages
is due to the total capacitance of the ACTFEL device (i.e. a series combination of the phosphor and insulator
capacitances). The constant capacitance at larger applied voitages. indicated by the upper dashed line,
corresponds to the insulator capacitance only, as the phosphor is conducting during portion this of the waveform,

effectively shunting the phosphor capacitance. The structure in the C-V curve near saturation (i.e. in the voitage
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Figure 1. The circuit used for C-V analysis.

range of 120-140 V) is not always observed; we have not yet been able to correlate such structure with the
materials physics of the device. We currently believe the capacitance rise near the maximum voltage to be an
antifact of the measurement.

Note from Fig. 2 that uiw . weshold voltage is not uniquely defined. We define three threshold voltages
corresponding to the or 2t e C-V transition, the midpoint of the transition, and saturation of the transition,
which we denote as ‘', Vy,», and V,,,,, respectively. We attribute V,,,, o the onset of the emission of electrons
from shallow in*2nace traps and V,, to the initiation of field clamping (i.e. the external voltage at which the
interface trar: density is of sufficient magnitude such that the ZnS field remains constant). V., corresponds most
closely to the threshold volitage fourd from Q-V measurements. The slope of the C-V curve in the transition region
is reluted to the total density of interface states in the subthreshold region.2

3. C-v CURVES OF SYMMETRIC DRIVING WAVEFORMS

C-V analysis of ZnS:Mn ACTFEL devices as a function of maximum voltage amplitude, V,,,, pulse width, PW,
and rise time, ¢, is accomplished using symmetric driving voltage waveforms. The purpose of this set of
experiments is to establish the sensitivity of the threshold voltage as a function of the waveform parameters. Care
is taken to sufficiently pre-age the sample so that aging effects are minimal. A rigid shift in the C-V curve to smaller
thresholds is observed as V,, is increased. The shift in V,, is linear with respect to V,, for voitages up to
approximately 200 V. above which V,,, depends sublinearly on V, as if an onset of saturation is being approached.
The C-V curve also shifts rigidly as a function of PW. V,, decreases with increasing PW for times up to about 100
us, above which an onset of saturation begins in which V,, depends only weakly on PW. The C-V curve, and
hence V,,, is virtually independent of <.
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Figure 2. A C-V curve for a ZnS:Mn ACTFEL device
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AGING INSTABILITIES OF ZnS:Mn AC THIN-FILM ELECTROLUMINESCENT DEVICES

J.D. Davidson,* J.F. Wager,* |. Khormaei,t and C.N. Kingt

*Department of Elaectrical & Computer Engineering, Center for Advanced Materials Research, Oregon State
University, Corvallis, OR 97331-3211, USA.

tPlanar Systems, Inc., Beaverton, OR 97006, USA.

ABSTRACT

Aging characteristics of ZnS:Mn alternating-current thin-film electroluminescent (ACTFEL) devices are
monitored via the capacitance-voltage (C-V) technique. Arrhenius analysis of variable temperature aging data
indicates the existence of two aging mechanisms, both displaying logarithmic kinetics. The activation energies of
these two mechanisms are consistent with electron injection and trapping in the insulator near the interface for
room temperature and below and with atomic migration for above room temperature.

1. ACTFEL AGING EXPERIMENTS

ACTFEL aging experiments are accomplished by measuring the threshold voltage, as monitored via the C-V
lechnique,"2 as a function of aging time at a constant temperature. The C-V curve is observed to move
monotonically to larger voltages as a function of aging time. The slope of the C-V curve decreases slightly as a
function of aging which implies that the density of interface traps in the subthreshold region increases with aging
time. The threshoid voltage shift is well described by logarithmic kinetics, V,,, @ Int, except during the initial aging
period. We attribute the deviation from logarithmic kinetics as due to the preaging warm-up procedure. The aging
kinetics as a function of temperature are shown in Fig. 1.

An Arrhenius analysis of the data shown in Fig. 1 is accomplished by ignoring the initial data point for each
data set (as this data point is attributed to the warm-up procedure), performing lin-ar regression on each dataset,
plotting AV,, as a function of time from the linear regression curves, and undertaking an Arrhenius analysis of the
resulting AV,, versus In t curves. The resulting Arrhenius plot is indicated in Fig. 2.

2, DISCUSSION OF ACTFEL AGING MECHANISMS

From an analysis of Fig. 1, it is evident that at zero aging, V,,, is temperature-dependent and increases with
increasing temperature. This is in contrast to results of previous researchers®* who report that V,,, is essentially
temperature-independent. Also note from Fig. 1 that the slope of the kinetic curves decreases with increasing
temperature and shows evidence of the approach of saturation at high temperature.

Two distinct aging mechanisms are distinguished by their respective activation energies as shown in Fig.
2. We note that a weak temperature dependence (e.g. E, = 0.067 eV) is expected for a mechanism based on
electron injection and trapping at the interface.>® In contrast, a mechanism involving atomic migration (e.g. sulfur-

vacancy migrationg) would be a more likely identification of the high-temperature aging mechanism with an
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activation energy of 0.56 ev.® Since the active region of the ACTFEL dispiay almost certainly operates at a

temperature in excess of 40°C, we conclude from Fig. 2 that the dominant aging instability mechanism in the

ZnS:Mn devices we have characterized can be ascribed to atomic migration near the ZnS/insulator interface. We

postulate this atomic migration to be due to the migration of sulfur vacancies.
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6.5. Electrical Characterization and SPICE Modeling of ZnS:Mn ACTFEL Devices
James D. Davidson, John F. Wager
Oregon State University, Corvallis, OR
Ron Khormael

Planar Systems, Inc., Beaverton, OR

Introduction

Electrical characterization of alternating-current
thin-film electroluminescent (ACTFEL) devices is usually
accomplished by charge-voltage (Q-V) [1] or current-
voltage (I-V) [2] analysis. We have recently described
the capacitance-voltage (C-V) technique [3] as an
alternative method for ACTFEL electrical characteriza-
tion. Our goal for the work described herein is to show
that the C-V technique, in conjunction with SPICE
modeling using a simple equivalent circuit, provides a
powerful means of probing ACTFEL device physics.

The Capacitance-VYoltage Technigue

C-V analysis {is accomplished using the circuit
shown in Fig. 1. An ac waveform generator (Wavetek
mode] 275) with a small duty cycle is used to drive a
series resistor, R,, the ACTFEL device, and a current
sense resistor, R,. R, is chosen to be large compared
to R, (typically R, = I5 ki and R, = 10 @) so that the
voltage drop across R, is negligible. The three voltag-
es indicated in Fig. 1, v,, v,, and v4, correspond to
the driver, the ACTFEL device, and the current sense
voltages, respectively.

The standard waveform employed in thiz work is
symmetric with bipolar pulses of trapezoidal -ape with
S us rise and fall times and a pulse widtr 3f 30 us
where the pulse width is defined as the duration in
which the pulse {is at its maximum amplitude. The
frequency of the waveform is 1 kHz.

Voltages v,(t), v,(t), or v,(t) are obtained by
sampiing using a Teftronix model 7854 digitizing
oscilloscope. An oscilloscope time base of 2 pus/

division and 128 points per waveform gave best results.

1

/

Figure 1. Circuit used for ACTFEL electrical char-
acterization.
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For the work described in this paper, only v,(t) and
vy(t) are normally measured.

Using the circuit shown in Fig. 1, the current is
obtained from the voltage across the sense resistor,
Y0 0

I(t) = ‘%_
(]

The capacitance is equal to the current divided by the
derivative of the voltage across the ACTFEL device [3],

= ' .
e a[valt) - va(O)ict @

and the C-V curve is then obtained by plotting C(t)
versus [vy(t) - vy(t}].

The SPICE Equivalent Circuit

The equivalent circuit for SPICE simulation of the
ACTFEL device is shown in Fig. 2. C,;, and C,, are the
insulator capacitances whereas C_ 1s the phosphor
capacitance. The phosphor capacitance is shunted by two
back-to-back Zener diodes which are used to account for
conduction and field clamping in the phosphor region.
These circuit components constitute what we term an
ideal circuit model for the ACTFEL device.

Five additional resistors are added to the ideal
equivalent circuit to obtain the SPICE equivalent
circuit of Fig. 2. Ry, Ry, and represent the
parallel resistance of the respective insulator or
phosphor layers which would be associated with dc leak-

F:{ito

- V”.vﬁ / 1

Ci— SR,
20 |
CP p— D; éRP

|
|
C izle: E Riz

Figure 2. Equivalent circuit for SPICE simulation of
ACTFEL devices,

SID 91 DIGEST « 77




age through these tayers. R,  is a lumped resistance
accounting for the non-zero series resistance of the 170
electrode. R, we denote as the diode resistance.

n of C-

A comparison of a typical C-V curve with a SPICE-
simulated C-V curve {s shown in Fig. 3. The agreement
between the experimental and simulated curve is reason-
ably good except near the maximum applied voltage. This
region of the C-V curve is very noisy because the
capacitance arises from the ratio of the measured
current and the derivative of the voltage across the
ACTFEL device; these signals are both very small near
the maximum voltage which results in a small signal-to-
noise ratio.

To explore trends in the the parasitic resistance,
C-V curves with parametric variations of R, R,, R,
and R, around nominal parameter values are chown In
Figs. 4-7. Nominal circuit component values used in the
SPICE modeling are collected in Table 1. Several trends
emerge from an analysis of these figures. First, it is
clear that the capacitance rise near zero voltage is
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Fiqure 3. Measured and SPICE-simulated C-V curves.
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Figure 4. C-V curves for parametric variations of R,,..
Rivo = 0, 20, 40 and 80 Q. Arrows indicate
an increasing value for R, .
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Table 1. Nominal Component Values for
the ACTFEL SPICE Model

Component Component Component
Parameter Value

Cy Capacitance 2.18 nF

Ci2 Capacitance 2.20 nF

[ Capacitance 0.987 nf

D, Breakdown voltage v

D, Breakdown voltage 9Ryv

Rieo IT0 series 200
resistance

Ryys Rz | Insulator parallel 10" g
resistance

R, Phosphor parallel | 2 x 10% @
‘resistance

Ry Diode resistance 300

associated with R,,, and that this rise is essentially
an RC effect. It is evident from Fig. 4 that R,
influences the abruptness of the C-V transition. R,
is also the most important parameter in determining t‘\e
capacitance step in the C, regime of the C-V curve.

From an analysis of Figs. 5 and 6 we conclude that
an increase in the insulator or phosphor shunt resis-
tances leads to a rigid shift in the C-V transition to
lower threshold voltages. A physical interpretation of
this trend is that a reduction in the resistance of the
phosphor or insulator layers causes leakage of the
polarization charge which gives rise to a concomitant
increase in the threshold voltage. Note also that the
capacitance rise near V,_ ts affected by a small insula-
tor shunt resistance, as shown in Fig. 5.

As indicated in Fig. 7, affects the abruptness
of the C-V threshold with smaller R, yielding a more

abrupt transition. Physically, R, corresponds to a
resistance associated with hot elec%ron injection from
interface traps. Thus, R, is related to the character-
istic time for electron emission from interface traps
such that we interpret a smearing out of the C-V
transition as arising from a higher density of interface
traps with characteristic emission times of comparable
magnitude to that of the driver waveform (i.e., micro-
seconds). Although the abruptness of the C-V transition
is mainly established by the magnitude of R,, the
abruptness is also affected, but to a much lesser
extent, by R,

Increasing R, also leads to a larger C, step in the
insulator capacitance regime of the C-V curve. Thus,
Rio and Ry are the two most important parameters in
determining the C; step in the insulator capacitance
regime. It should be noted that we often, but not
always, observe such a C, step in real C-V curves.
Although it is evident that the C, step depends mainly
on R,,, and Ry, it is not yet clear why changes in these
parameters resuit in such a step.

Conclysions

In this paper, we have demonstrated the utility of
SPICE modeling in conjunction with a simple equivalent
circuit model for the ACTFEL device for the interpre-
tation of C-V curves. We believe that such modeling
will provide new device physics insight into the nature
of ACTFEL operation.
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6.4: Stabilization of ZnS:Mn ACTFEL Devices Through Processing Modifications

Ron Khormael, Christopher N. King, Richard E. Coovert
Planar Systems, Inc., Beaverton, OR
John F. Wager
Oregon State University, Corvallis, OR

Abstract

Brightness-voltage instabilities of ZnS:Mn ACTFEL devices
are significantly reduced through thermal post-deposition
methods which increase the sulfur content of the ZnS layer.
These improvements suppart the assertion that the observed
instabilities are mainly due to sulfur vacancies. Worst case
differential aging after 1000 hours of operation are now well
within the requirements of 16-level gray scale monitors.

Introducti

A common challenge for all the flat panel technologies is
the stability of display performance with usage. This problem
becomes more pronounced when trying to produce gray scale
by holding driving parameters at intcrmediate excitation
levels.'? In AC Thin Film Electroluminescent (ACTFEL)
devices, it has been shown that symmuiric drive circuitry
stabilizes the threshold and saturation luminance.’ The gray
scale application has a more severe requirement allowing only
minimal changes throughout the intermediate brightness levels.
Our goal for this work was to stabilize the B-V curve to a point
of easily being acceptable for use in a gray scale monitor. The
approach chosen was to establish the mechanism responsible for
the improvements observed in previous experiments using CaS
buffer layers, ** and to find a more manufacturable method for

conventional structure shows a threshold voltage (Vth) shift of
abqut 8 volts in the first 160 hours of aging. In the same aging
p:nod. the sulfur-exposed samples display a minimal amount of
shift.

T T
170 90 270

Figure 1. B-V curves for traditional structure - aging time
extrapolated 10 60 Hz.

100
stabilizing the structure further. w
nta C! n 0 -

The electroluminescent devices employed in this set of a" ]
experiments were fabricated with co-evaporaied ZaS:Mn ol
sandwiched between two sputtered insulator layers. Based on g,, b
previous experiments on similar structures, the source of
instability was postulated to be sulfur vacancies.’*’” In this 1
work, two post-deposition methods were used to increase the % -
sulfur content of the ZnS film, i.c. reducing the concentration of 20 -
sulfur vacancies. Both approaches involve thermal treatment of
the deposited ZnS film before the second insulator deposition. 10
One method is to anneal the sample in an H,S atmosphere. The o - . . . , . .

1% 0 no 0 130

other approach is to heat the sample in an enclosed volume
with solid sulfur present. Both methods of sulfur exposure
show similar effects in terms of improved device performance.

Two methods are used for evaluating the device stability.
The first method is aging and brightness-voltage (B-V)
measurements on single test devices. The goal of this type of
experiment is to establish the capabilities of the intrinsic device
structure without possible complications from matrix
arrangements or the drive electronics. This test is performed
with high aging frequency of 1000 Hz for accelerated aging and
the B-V measurements are performed at 60 Hz after various
aging intervals. The resulting curves are plotted by
extrapolating the aging period from 1000Hz 10 60 Hz (a
muitiplier factor of 16).

The evaluation of test devices for a traditional structure is
shown in Figure | and the result after sulfur exposure is shown
in Figure 2. As can be seen from Figures | and 2, suifur
exposure dramatically increases the stability of the device. The

74 « SID 91 DIGEST ISSNO097-0966X/91/0000-074-$1.00 + .00 : 1991 SID |
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Figure 2. B-V curves for sulfur exposed sample - aging time
extrapolated to 60 Hz.

The second test involves matrix panels with standard
commercial monitors. This method of testing allows evaluaton
of the structure in an actual commercial application. This
method of evaluation, by using actual monitors, can establish
the effectiveness of the processing changes when panels are .
used in a typical application. In this test, portions of a full-
sized panel are operated continuously for an extended period of
time (1000 hours for the work reported herein). After various
aging intervals, the panel is momentarily tumed on and the
brightness of the aged and unaged portions of the panels are
measured. The differential brightness due 10 aging (B, yu/Bione1)
18 calculated for intermediate brightnesses after multiple aging
intervals up to 1000 hours. For comparative purposes, the
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brightness difference ac the voltage with the worst differential
brightness (low brightness levels of about 20% of maximum
brightness) are plotted as a function of aging time. This type of
data reflects the performance of the display in a gray scale
application. Such plots for a waditional and a sulfur exposed
structure are shown in Figure 3. ’

° ¥ L] L] 13 L L] v Ll L4
L] E _J «0 L] “e Koo
Q  Trediienst AGING TS gi0URS) X Suibw Expoced

Figure 3. Differential brightness in monitors.

Simultaneous with these gray scale measurements, aging at
the full “on" and "off” points, which we denote as the latent
image, is measured for performance evaluation in "on"-"off"
applications. The traditional strucne shows 3 maximum of 5%
aging at the "on” brightness level and below 0.1 fL at the "off”
level. These changes are at the threshold of our measurement
capability; therefore, improvements with the sulfur exposure
could not be accurately measured.

Discussi
p 1 Aging Mechani

The observed ACTFEL instabilities are most likely
associated with changes in the space charge distribution. The
external AC ficld perturbs the internal charge distribution, and
hence the internal field, as a function of aging time. We
propose an aging mechanism in which positive charges
accurnulate at the interface. This positive charge is balanced by
an equal amount of negative charge which we presume resides
in the ZnS bulk. According to this explanation, the unaged
device is described by an equilibrium energy band diagram as
shown in Figure 4a, while the energy band diagram of the aged
device is modified as indicated in Figure 4b. If it is assumed
that all the energetic electrons for luminescence originate at the
ZnS/insvlator interface, it is clear that the charge distribution
illustrated in Figure 4b results in an increase in the threshold
voltage as observed experimentally.

s Ins

Y pa-

eigcorode elecrode

77 e e W

'
Figure 4a. Energy band diagram for unaged sampie.

INS

-\
Figure 4b. Energy band diagram for aged sample.

The space charge responsible for the observed ACTFEL
instability is attributed to the migration of sulfur vacancies in
the Zn$ layer and accumulation at the Za$ / insulator interface.
Sulfur vacancies act as double donors. When ionized, the
vacancy is positively charged®. The sulfur vacancy mechanism
is consistent with the charge distribution illustrated in Figure
4b, if the sulfur vacancy concentration increases near the
interfaces with aging.

Ingtability Mechanism

The proposed electrostatic ACTFEL instability model
accounts for Vth increases with aging time and for the fact that
the B-V curve shifts in a non-rigid fashion (i.c., the brightness
at higher voltages stays about constant with aging while Vih
increases, as shown in Figure 1).

Vth increases with aging time because of an increased
tunneling barrier due to positive charge at the interface, as
shown in Figure 4b. Therefore, a higher external voltage is
required to reach the threshold field. It is possible to calculate
the amount of transferred interface charge required to obtain a
10 volt increase in Vth. It can be shown that this ten volt
shift can be caused by as lintle as 0.01% sulfur vacancics
distributed over a distance of 100A near the Zn$ interface’.
Such a low level of intrinsic defects precludes the use of
analytical measurements to corroborate our instability model.
Typical analytical methods such as Auger Electron
Spectroscopy (AES), Rutherford backscattering (RBS) and
secondary Jon Mass Spectroscopy (SIMS) were employed in
our analysis but did not show any evidence for a change in the
stoichiometry which could prove or disprove our model. These
tests were performed on untreated as well as treated samples
before and after aging. It appears that electrical or optical
measurements are best suited to the assessment of ACTFEL
instabilities.

In a previous publication®, improvements in the stability of
ZnS:Mn ACTFEL devices using CaS buffer layers were
reported. It was proposed that the improvement was due to the
ability of CaS to remove sulfur vacancies from the ZnS layer
rather than Ca$ acting as a buffer against ion movememt from
the insulators. This postulate was supported by observations
that the location of CaS on only one side of the ZnS layer did
not change the stability compared with having CaS on both
sides of the ZnS layer.

In follow-up work reported here, we attempted to test this
postulate by excluding the buffer layer and increasing the sulfur
content of the ZnS film by heat reatment in sulfur or H,S. As
shown in Figures 2 and 3, this sulfur treatment resulted in
significant improvements in the device stability. Furthermore,
these suifur treatments showed effects very similar to the Ca$
buffer layer in increasing the device Vth and increasing the
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Electrical Characterization and Modeling
of Alternating-Current Thin-Film
Electroluminescent Devices

James D. Davidson, Student Member, IEEE, John F. Wager, Member, IEEE, Ron [. Khormaei.
Christopher N. King, and Richard Williams

Abstract—Electrical characterization of evaporated ZnS : Mn
alternating-current thin-film electroluminescent (ACTFEL)
devices is accomplished by capacitance-voitage (C-V) anal-
ysis. Interpretation of these C-V characteristics is aided by
SPICE modeling and by electrical characterization of an ideal
ACTFEL device constructed from discrete components. based
on a simple equivalent circuit for the ACTFEL device. Various
features of the C-V curve are ascribed to equivalent circuit pa-
rameters and associated device physics parameters.

I. INTRODUCTION

LECTRICAL characterization of alternating-current

thin-film electroluminescent (ACTFEL) devices is
usually accomplished via charge-voltage (Q-V) [1]-{7]
or current-voltage (/-V) [1], [5], [8], [9] analysis. We
have recently described an alternative approach, the ca-
pacitance-voltage (C-V) technique [10] for analysis of
the electrical properties of ACTFEL devices. The pri-
mary purpose of this paper is to compare C-V character-
istics of ZnS:Mn ACTFEL devices to those obtained
from SPICE simulation. The second purpose of this paper
is to compare experimental and SPICE-simulated C-V
characteristics to C-V curves obtained from an ideal
ACTFEL device which is constructed from discrete com-
ponents based on a simple equivalent circuit model of the
ACTFEL device.

II. EXPERIMENTAL APPROACH
A. ACTFEL Device Structure

The ACTFEL devices have an evaporated ZnS : Mn ac-
tive phosphor layer which is sandwiched between two
sputtered silicon oxynitride insulator layers. Aluminum
and indium-tin oxide (ITO) electrodes are employed as
contacts.

Manuscript received March 11. 1991 revised October 7. 1991. This work
was supported 1n pant by the Air Force Office of Scientific Research under
Contract AFOSR 89-0309 The review of this paper was arranged by As-
soctate Editor W. F Kosonocky
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Fig. 1. Circuit used tor ACTFEL electrical charactenizauon.

B. Electrical Characterization

Electrical analysis is accomplished using the circuit
shown 1n Fig. 1. An ac waveform generator (Wavetek
model 275) with a small duty cycle is used to drive a se-
ries resistor R, the ACTFEL device. and a current sense
resistor R.. R, is chosen to be large compared to R_ (typ-
ically R, 1.5 kQ and R. 10 ) so that the voltage
drop across R, is negligible. The three voltages indicated
in Fig. 1. vy, va. and vs; correspond to the driver. the
ACTFEL device, and the current sense voltages. respec-
tively.

The standard waveform employed in this work is indi-
cated in Fig. 2. The waveform is symmetric with bipolar
pulses of trapezoidal shape with 5-us rise and fall times
and a pulsewidth of 30 us where the pulsewidth is defined
as the duration in which the pulse is at its maximum am-
plitude. The frequency of the wavetorm is |1 kHz.

Voltages v,(r), va(1), or vy(#) are obtained by sampling
using a Tektronix model 7854 digitizing oscilloscope. An
oscilloscope time base of 2 us/division and 128 points’
waveform gave best results. For the work described in
this paper. only v.(r) and v:(r) are normally measured.

Using the circuit shown in Fig. 1. i(n. gtn. Clr- -
v3), Q-V. and C-V may be obtained as follows. The cur-
rent is obtained from the voltage across the sense resistor

-~

= =

=

(h

The charge is evaluated as the integral of current

»

qu) = S 12)

i(r) dr.
)

r={
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Fig. 2. Standard driver

The capacitance is equal to the current divided by the de-
rivative of the voltage across the ACTFEL device [10]

_ i(n
dlvs(1) = vy(n)/dt’

Note that the capacitance specified by (3) is the normal
differential capacitance used in conventional C-V analysis
(11}, {12]. Q@-V and C-V are then obtained by plotting
q(#) and C(v> — v;) versus [v1(0) = v;3(0)].

Although complete electrical characterization of the
ACTFEL device may be accomplished using the Sawyer-
Tower [2] or series resistor [10] methods, as well as the
sense resistor method of Fig. 1, we prefer the sense re-
sistor method for the following reasons. First, the sense
resistor method is not as sensitive to calibration variations
as is the series resistor method where the voltage ampli-
fiers which measure v, and v, must be very closely
matched. Second. the sense resistor method requires one
numerical differentiation step when the data are acquired
digitally whereas two numerical differentiations are re-
quired with the Sawyer-Tower method.

Clor = vy) (3)

C. Equivalent Circuit Analysis

A simple equivalent circuit for the ACTFEL device [2]
is shown in Fig. 3. C;; and C,, are the insulator capaci-
tances whereas C, is the phosphor capacitance. The phos-
phor capacitance is shunted by two back-to-back Zener
diodes which are used to account for conduction and field
clamping in the phosphor region.

The equivalent circuit presented in Fig. 3 is quite sim-
ple and we have found that it adequately describes the
main features of actual ACTEL operation. We have
reached this conclusion in two ways. First, we have built
an ideal ACTFEL mode! from the discrete components
indicated in Fig. 3 and have performed electrical charac-
terization of it which is then compared to component val-
ues of the actual device. The actual component values
used in the ideal circuit made from discrete components
are listed in Table [. It should be noted that this ideal
ACTFEL circuit was used to calibrate our C-V measure-
ment. This calibration procedure revealed the presence of
0.09-nF stray capacitance associated with the coaxial ca-
ble connecting the sense resistor to the ACTFEL device
which had to be accounted for prior to obtaining accurate
measurements of the threshold voitage, insulator. and to-

Cn:

Cp— : D1
"D

C]Q:_

Fig. 3. Simple equivalent circuit for ACTFEL device.

TABLE 1

COMPONENT VALUES FOR THE IDEAL ACTFEL MODEL BUILT FROM

DisCRETE COMPONENTS

Component Component Parameter Component Vaiue
C, capacitance 218 nF
C, capacitance 2.20nF
C, capacitance 0.987 nF
D, breakdown voltage 92V
D, breakdown voltage 92V

tho
Ch R,
S
Cp 02 Rp
Rq
Caz R

Fig. 4. Equivalent circuit for SPICE simulauon of ACTFEL device.

tal capacitances which then agreed with that of the known
values.

The second approach we have taken to assess the valid-
ity of the simple equivalent circuit is to perform SPICE
modeling of the ideal ACTFEL circuit subjected to var-
ious waveforms. Although SPICE simulation using the
simple equivalent circuit shown in Fig. 3 reproduces the
general features of the C-V curve, we find the refined
equivalent circuit shown in Fig. 4 to be more accurate for
SPICE modeling and also more useful for establishing
parametric variation trends in C-V curves, as discussed in
Section II1-B 4). Five additional resistors are added to the
ideal equivalent circuit of Fig. 3 to obtain the SPICE
equivalent circuit of Fig. 4. R;(, R;», and R, represent the
parailel resistance of the respective insulator or phosphor
layers which would be associated with dc leakage through
these layers. R, is a lumped resistance accounting for the
nonzero series resistance of the ITO electrode. R; we de-
note as the diode resistance. As we shall see, R, is more
important in establishing the width of the C-V transition
than any of the other parasitic resistors. We also denote
R, as a ‘‘hot-electron resistor’’ since physically it is at-
tributed to the resistance associated with hot-electron
emission from interface traps. A physical interpretation
of this hot-electron resistor can be obtained if it is rec-
ognized that accurate SPICE simulation of the C-¥ tran-
sition region requires [13] inclusion of a diode or hot-
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electron capacitor C; into the diode branch of the equiv-
alent circuit shown in Fig. 4. R,C, is then recognized as
the time constant for hot-electron injection from interface
states which gives rise to the time delay responsible for
the widening of the C-V transition region. No further dis-
cussion of C; is given herein since subtleties associated
with the hot electron capacitor are beyond the scope of
this paper.

III. ELecTtrRicAL CHARACTERIZATION OF
ACTFEL DEviICEs

A. Q-V Analysis

A typical Q-V curve is indicated in Fig. 5. As shown
in this figure, a threshold voltage, which we denote as
Vinz, is distinguished as the intersection of the straight-
line portions of the Q-V curves and indicates the external
voltage at which conduction of electrons across the ZnS
layer occurs. Q, is the externally measured polarization
charge which corresponds to the charge left on the insu-
lator after the applied waveform goes to zero and which
gives rise to the internal polarization field &,,. The po-
larization field in the phosphor at the end of the applied
waveform duty cycle is given by [6]

_ 06,

EPAC,'
where ¢, is the phosphor dielectric constant, A4 is the de-
vice area, and C, is the total insulator capacitance (i.e.,
series combination). For ACTFEL devices in which field
clamping occurs in the phosphor, Q..nq is the total charge
transported across the phosphor while it is conducting and
is the charge that gives rise to light emission.

B. C-V Analysis

A typical C-V curve is indicated in Fig. 6. C, is the
total capacitance of the ACTFEL device (i.e., a series
combination of the phosphor and insulator capacitances).
C; is the insulator capacitance which is measured at larger
applied voltages when the phosphor is conducting, effec-
tively shunting the phosphor capacitance. In the foilowing
subsections various features of the C-V curve; namely,
the threshold voitage, the interface trap density, the ca-
pacitance rise near the maximum applied voltage, and the
parasitic resistances; are discussed in detail.

1) Threshold Voltage: 1t is evident from Fig. 6 that
the threshold voltage is not uniquely defined. We define
three threshold voltages corresponding to the onset. mid-
point, and saturation of the C-V transition which we de-
note Vi, Vina, and V3, respectively. Vy,, corresponds to
the onset of emission of electrons from the most shallow
filled interface traps. V,,; corresponds to the initiation of
field clamping: that is, the external voltage at which the
interface trap density is of sufficient magnitude that the
phosphor field remains constant. SPICE modeling con-
firms these identifications of V,,, and V3. V,, corre-
sponds most closely to the threshold voltage found from
Q-V measurements.

Epoi @)
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Fig. 6. C-V curve for ZnS: Mn ACTFEL device.

2) Interface State Density: The slope of the C-V curve
is related to the density of interface traps in the sub-field-
clamping regime as follows. Assume that the C-V curve
is approximated in a piecewise-linear manner as shewn in
Fig. 7. In particular, assume that the C-V transition is
linear and use the notation shown in Fig. 7. Since the
C-V transition is assumed to be linear, we can write

2=ty oy

=€+ Py

&)

which is only valid in the transition region. Let Q, and Q;
denote the instantaneous charge measured by a sense ca-
pacitor in a Sawyer-Tower circuit at the beginning and
ending of the C-V transition and which correspond to C|,
V, and C;, V3, respectively. Recognize that

dQ = C(V) dv. (6)

Substitute (5) into (6) and integrate from V, to V to obtain

1CG,-C
oWV =Q, + C(V - V) + == !

(V- V).
ZVJ-VI( Vl)

(7

The first term on the right side of (7) corresponds to the
instantaneous charge at the beginning of the C-V transi-
tion while the second term is just the normal displacement
charge of capacitance C,. The last term of (7) is the ex-
ternally measured conduction charge. which is equal to
the interface state charge measured externally. If we eval-
uate (7) at ¥V = V,, we can identify the last term on the
right side of (7) as the externally measured interface state
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V.o, v

Fig. 7. Piecewise-linear C-¥ curve used for the interface state density
denvation.

charge in the pre-clamping regime Q5 which is given by
AC} '

AV

where AC = C; — C,, AV = V, — V|, and where (8) is
written in a form which expresses the interface state
charge in terms of the inverse of the slope of the C-V
transieon, It (5 can e identified as C, and if the right
side of (8) is multiplied by (C, + C,)/C, to account for
the difference between externally measured and internal

charge (6], [14], the interface state charge in the pre-field-
clamping regime Q7 is (after some algebra) given by

c:crac]™
r-S2l5) ©

Alternatively, the interface state density Q,,, expressed
in units of number of states per square centimeter, is as
_cc

follows:
-1
AC

The viability of (9) and (lO) is tested via SPICE sim-
ulation using the equivalent circuit of Fig. 4. This is ac-
complished by integrating the conduction current through
R, from the onset of conduction until field clamping,
which corresponds to V,,, and V3, respectively. This in-
tegrated conduction charge is found to agree to within
about 15% with Ql7', which supports the essential validity
of (9) and (10). Qs, for the ACTFEL dev1ce shown in Fig.
6is9 x 10" cm™? using 4 = 0.079 cm’.

Note that (10) specifies that the interface state density
is inversely proportional to the slope of the C-V transition
region. Thus an abrupt C-V transition implies a small
density of interface states. Initially this result may seem
counter-intuitive since a large interface state density is re-
quired for electron sourcing and proper ACTFEL device
operation. it is important to recognize, however, that Q,,
corresponds to the density of interface states in the pre-
field-clamping regime. Therefore, an interface state den-
sity with a delta function distribution would have a very
abrupt C-V transition even if the strength of the delta
function. corresponding to the interface state density re-
sponsible for field clamping, is exceedingly large. In con-
trast. a linearly increasing interface state distribution
would exhibit a much more gradual C-V transition.

3) Capacitance Rise Near V,,: For a variety of reasons
we believe the presence of a capacitance rise near the

o= (AC) { (8)

(10)
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Fig. 8. Measured C-V curve of ideal ACTFEL device constructed from
discrete components.

maximum voltage to be a feature of the measurement
rather than evidence of leakage in or charge injection into
the insulating layers [13]. Such an increase could be in-
terpreted as arising from the injection of charge into the
insulator such that the effective thickness of the insulator
is reduced and the correspcading capacitance of the in-
sulator is increased. Alternatively, it could be argued that
the measured capacitance rise is actuaily due to insulator
leakage which is large enough that the approximate circuit
model for the insulator is a resistor in parallel with the
insulator capacitance such that the apparent rise in capac-
itance is due to an RC effect. These two explanations can
be eliminated because the distance of charge injection into
the insulator and the extent of insulator leakage required
to explain the capacitance rise are unrealistically large.
These mechanisms can also be excluded on the basis of
SPICE simulation as shown in the next section. Finally,
note that the C-V curve shown in Fig. 8 which is obtained
from the ideal ACTFEL device constructed from discrete
components as listed in Table I also displays a rise in the
capacitance near V,, further evidence that charge injec-
tion or insulator leakage is not the cause of this capaci-
tance increase.

The nature of the capacitance rise can be understood by
reference to Fig. 9. Recall from (3) that the capacitance
is obtained from the measured current divided by the de-
rivative of the voltage across the ACTFEL device. As in-
dicated in Fig. 9, the capacitance rise occurs when the
measured current and the voltage derivative are very close
to zero. The rise occurs because the current waveform is
always observed to decay more slowly than the voltage
derivative.

In summary, the existence of the capacitance rise near
V.. 1s 2 measurement feature associated with the fact that
the measured current decays more slowly than the deriv-
ative of the voltage across the ACTFEL device.

4) Parasitic Resistances: The equivalent circuit shown
in Fig. 4 and used for SPICE simulation employs five re-
sistors in addition to the ideal equivalent circuit model of
Fig. 3. A comparison between the SPICE-simulated C-V
curves of an ideal device (i.e., R, = R, = 0. R, =
R, =R, = 10" Q) and a device with nominal values of
circuit parameters (see Tables I and II for nominal com-
ponent values used in SPICE simulations) is given in Fig.
10. Note the abruptness of the C-V transition in the sim-
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TABLE 11
NOMINAL PARASITIC RESISTANCE VALUES USED FOR SPICE MODELING

Component Compuaent Parameter Component Value
R. ITO sertes resistance 200
R,.R, insulator parallel resistance 10''Q
R, phosphor paraliel resistance 21 x10°Q
R, diode resistance 3oQ
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Fig. 10. SPICE simulated C-V curves of ideal ACTFEL device and a de-
vice with typical vaiues of circuit parameters.

ulated ideal device. Also note the existence of a capaci-
tance rise near V,,, further evidence that this C-V struc-
ture is a measurement feature and not evidence for leakage
or charge injection. In contrast, the simulated C-V curve
for the typical device displays a nonabrupt C-V transition.
a rise in capacitance near zero voltage, and a capacitance
step in the insulator capacitance regime.

To explore these parasitic resistance trends. C-V curves
with parametric variations of R,,. R,). R,. and R, around
typical parameter values are shown in Figs. 11-14. Sev-
eral trends emerge from an anaylsis of these figures. First,
it is clear that the capacitance rise near zero voltage is
associated with R, and that this rise is essentially an RC
effect. It is evident from Fig. 11 that R, influences the
abruptness of the C-V transition. R, is also the most im-
portant parameter in determining the capacitance step in
the C, regime of the C-V curve.

From an analysis of Figs. 12 and 13 we conclude that
a decrease in the insulator or phosphor shunt resistances
leads to a rigid shift in the C-V transition to higher thresh-
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old voltages. A physical interpretation of this trend is that
a reduction in the resistance of the phosphor or insulator
layers causes leakage of the polarization charge which
gives rise to a concomitant increase in the threshold volt-
age. We believe that the high quality of the insulators used
in the ACTFEL devices tested in the present work is such
that R;, and R;; may, for all practical purposes, be consid-
ered to be infinite. In contrast, our nominal value of R, =
2 M(Q is not infinite and corresponds to a ZnS resistivity
of ~ 10 Q - cm; thus the phosphor shunt resistance can-
not be ignored since it contributes to the establishment of
the threshold voltage. Note also that the capacitance rise
near V,, is affected by a small insulator shunt resistance,
as shown in Fig. 12.

As indicated in Fig. 14, R, affects the abruptness of the
C-V threshold with smaller R, yielding a more abrupt
transition. Physically, R, corresponds to a resistance as-
sociated with hot-electron injection from interface traps.
Thus R, is related to the characteristic time for electron
emission from interface traps such that we interpret a
smearing out of the C-V transition as arising from a higher
density of interface traps with characteristic emission
times of comparable magnitude to that of the driver wave-
form (i.e., microseconds).

Although the abruptness of the C-V transition is mainly
established by the magnitude of R, the abruptness is also
affected, but to a much lesser extent, by R,,. When the
abruptness of the C-V transition is determined by R, ex-
clusively, no information about the interface state density
in the sub-field-clamping regime can be obtained from the
slope of the C-V curve since the width of the C-V tran-
sition is then established by a parasitic-dominated RC time
constant of the ACTFEL device and not by the intrinsic.
interface-trap-related RC time constant. Since the relative
magnitude of R;, can be readily monitored by the capac-
itance rise in the C-V curve near zero voltage, improper
interpretation of the C-V transition can be easily avoided.

Increasing R, also leads to a larger C, step in the insu-
lator capacitance regime of the C-V curve. Thus R, and
R, are the two most important parameters in determining
the C, step in the insulator capacitance regime. It should
be noted that we often, but not always, observe such a C,
step in real C-V curves. It is evident from Figs. 11 and
14 that the C, step depends mainly on R;, and R,.

This C, step is the result of using an inadequate mode!
for the ACTFEL device when R, and R, are nonzero.
This can be understood by referring to (3) and recognizing
that this defining equation of the C-¥ technique implicitly
assumes that the ACTFEL device is adequately modeled
as a two-terminal parametric capacitor. If R, and R, are
nonzero, this implicit assumption is no longer correct. For
example, if R, is nonzero, a more accurate model for the
ACTFEL device would be a series circuit consisting of
R, and a parametric capacitor specified [13] by an equa-
tion analogous to (3).

In our view, the C-V technique is still of much diag-
nostic utility, even when the most appropriate parametric
device model is not employed. because the presence of a
C, step alerts one to the presence of a nonzero parasitic

. 12"

resistance in the ACTFEL device under test. Care must
be taken, however, in evaluating C, from a C-V curve
which possesses a C, step. As shown in Figs. 11 and 14.
the actual insulator capacitance C; is intermediate of the
two constant values of capacitance in the insulator capac-
itance regime which define the insulator step.

IV. CounciuoloNs

In this paper, we have demonstrated the utiluay ot
the C-V technique for the electrical characterization of
ACTFEL devices. The threshnld voltage. insulator ca-
pacitance, total capa.u=nce, and the density of interface
traps in the sub-field-ciamping regime may be extracted
from the measured C-V curve. The capacitance rise in the
C-V curve near the maximum applied voltage has been
shown to be a measurement feature not due to leakage or
charge injection into the insulator.

SPICE modeling in conjunction with a simple equiva-
lent circuit model for the ACTFEL device has been em-
ployed in order to assist in the interpretation of C-V
curves. The following trends arise from SPICE modeling:

1) The capacitance rise near zero voltage 1s due to a
nonzero value of R, the parasitic series sheet resistance
of the ITO conducting layer. This is a simple RC effect.

2) The abruptness of the C-V transition is most sensi-
tive to R, but also depends on R;,. Physically. R, is re-
lated to the characteristic time for the emission of hot
electrons from interface traps. A nonabrupt C-V transi-
tion caused by a nonzero value of R, is related to the den-
sity of interface states in the sub-field-clamping regime.
In contrast, a nonzero value of R,, can also give rise to
some lack of abruptness in the C-V transition but this
is associated with the overall RC time constant of the
ACTFEL device and is not due to the interface traps.

3) The C-V transition shifts rigidly to larger threshold
voltage with smaller R,, R, or R;;. This shift is due to
polarization charge leakage and a concomitant reduction
in the polarization fieid in the phosphor.

4) A second, small capacitance rise in the insulator ca-
pacitance regime of the C-V curve depends strongly on
R;, and R, but weakly on R,, R;, and R;;. This capaci-
tance rise is a consequence of modeling the ACTFEL de-
vice as a simple parametric capacitor without adequately
accounting for the intermal resistance of the device under
test.
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A study of the aging charactenistics of evaporated ZnS:Mn alternating-current thin-film
electroluminescent (ACTFEL) devices is undertaken by monitoring the capacitance-voltage
(C-¥) characteristics at various temperatures as a function of aging time. Short-term
ACTFEL aging is characterized by a rigid shift in the C-V curve to higher turn-on voltage
with aging time. Additionally, the insulator and phosphor capacitances are found to

be independent of aging time, the internal phosphor threshoid voltage increases slightly with
aging time, and the conduction and polarization charges are observed to decrease with

aging time. The activation energy for ACTFEL aging is estimated to be about 0.2 eV. These
experimental observations lead to a picture for ACTFEL aging in which atomic
rearrangement at insulator/phosphor interfaces gives rise to the formation of deep level, fixed
charge states. Transported electrons subsequently trapped in these deep levels reduce the
amount of charge available for conduction with a concomitant reduction in the polarization
charge. The reduction in the polarization charge is responsible for the observed increase

in the tum-on voltage with aging.

L. INTRODUCTION

The importance of the aging characteristics of alternat-
ing-current thin-film electroluminescent (ACTFEL) de-
vices is underscored by the fact that device stability and
aging were major focal points in the paper by Inoguchi et
al.! which ushered in the modern age of ACTFEL tech-
nology. Much work has subsequently been reported>™*> re-
garding ACTFEL aging characteristics, mechanisms, and
process modifications to improve device stability. Most of
this work has involved characterization of the luminescent
properties of the ACTFEL devices as a function of aging
time.

The purpose of the work discussed herein is to report
an investigation of the aging properties of evaporated
ZnS:Mn ACTFEL devices which were fabricated by Pla-
nar Systems. This study is unique in that the aging char-
acteristics are monitored, as a function of temperature and
aging time, using the capacitance-voltage (C-¥)
technique.''® The C-¥ technique offers several advan-
tages for ACTFEL aging studies. First, the technique can
be readily automated. Second, a wealth of device physics
data can be acquired which leads to a better understanding
of the internal electrostatic modifications associated with
aging and, hence, of the physical mechanisms of aging. The
obvious disadvantage of the C-¥ technique is that it exclu-
sively monitors the electrical properties of the ACTFEL
whereas the device performance must ultimately be as-
sessed optically.

Temperature-dependent C-V aging studies yield an ag-
ing activation energy of approximately 0.2 eV. ACTFEL
aging is also characterized by a turn-on voltage which in-
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> Permanent address: Tsukuba Research Laboratory, Nippon Sheet
Glass, Tsukuba, Japan.
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creases with aging time, a C-¥ transition which shifts rig-
dly with aging time, phosphor and insulator capacitances
+shich are independent of aging time, a phosphor field
which increases slightly with aging time, and conduction
and polanzation charges which decrease with increasing
aging time. These experimental observations lead to a
model for ACTFEL aging in which hot-electron-mediated
atomic migration near the insulator/phosphor interfaces
gives rise to the creation of defect complexes which act as
deep level traps and increase the interface fixed charge
density. The atomic rearrangement is envisaged to occur
very close to the interface (within perhaps 100 A), to most
likely involve the presence of sulfur vacancies, and to prob-
ably occur by nearest-neighbor hopping.

Il. EXPERIMENTAL PROCEDURE

The ACTFEL devices are fabricated at Planar Systems
and consist of an evaporated ZnS:Mn active phosphor
layer which is sandwiched between two sputtered silicon
oxynitride insulator layers. Aluminum and indium-tin ox-
ide (ITO) electrodes are employed as contacts.

The C-V technique has been previously described in
detail.'*'® Briefly, C-¥ analysis is accomplished using the
circuit shown in Fig. 1. An arbitrary waveform generator
(Wavetek model 275) in conjunction with a high-voltage
operational amplifier (Apex PA-85) generates the small
duty cycle bipolar pulse waveform which drives a series
resistor, R, the ACTFEL device, and a current sense re-
sistor, R, as shown in Fig. 1. R, is chosen to be 1.25 k2
and R, is chosen to be 10 Q. v,(¢) and v4(t) are obtained
using a Tektronix model 7854 digitizing oscilloscope.

The standard waveform consists of symmetric, bipolar
pulses of trapezoidal shape with 5-us rise and fall times and
a pulse width of 30 us where rise and fall times are defined
as the time between 0% and 100% of the maximum am-
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FIG. 1. Circuit used for ACTFEL electrical characterization.

plitude and the pulse width is defined as the duration dur-
ing which the pulse is at its maximum amplitude. The
frequency of the waveform is 1 kHz.

Referring to Fig. 1, the current through the ACTFEL
device is obtained from the voltage across the sense resis-
tor, R,

1(t) = ny(t)/R.. (1)

The capacitance is equal to the current divided by the de-
rivative of the voltage across the ACTFEL device, so that

(1)

Clo—v) =g 1/

(2)

The C-V curve is obtained by plotting C(v; —v3) vs
[v2(8) — vy()].

A typical C-¥ curve is shown in Fig. 2. C, refers to the
total capacitance prior to breakdown while C, is the insu-
lator capacitance. Since the C-V transition is nonabrupt,
we denote three turn-on voltages, ¥, |, V5 2 ¥} 3» Which
refer to the onset of conduction, the midpoint of the C-V
transition, and the field-clamping voltage, respectively.
¥, ; is found'®'® to correspond very well to the normal
Q-V threshold.
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FIG 2. C-¥ curve for ZnS:Mn ACTFEL device.
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Note that we now choose to refer to these C-V voltages
as “‘turn-on” voltages in contrast to our previous designa-
tion of “threshold” voltages.'*'® We employ turn-on as a
means of distinguishing these C-¥ voltages from the bright-
ness-voltage (B-V) threshold voitage. B-¥ and C-V mea-
surements are distinctly different as are the critical voltages
measured in each experiment. A B-¥ curve is measured by
ramping the maximum applied voltage, V,,, and monitor-
ing the device brightness; the B-¥ threshold voitage corre-
sponds to V,, at which a given level of brightness is ob-
tained. In contrast, C-V or charge-voltage (Q-¥)
measurements are performed at constant ¥,,; the critical
voltages, which we now denote as turn-on voltages, corre-
spond to voltages at which a transition occurs in the C-¥"or
Q-V curve. The B-V threshold is unique whereas the C-V
or Q-¥ turn-ons depend on the magnitude of V,, because
V.. determines the magnitude of the polarization charge.
Finally, note that the B-V threshold also corresponds to
V,. at which the Q-¥ curve is no longer a straight line but
begins to exhibit hysteresis.

The aging experiment consists of monitoring the C-V
turn-on voltage, V,, ,, with aging time and as a function of
temperature. The experiment is performed using a single
glass substrate with 10 aluminum dots. Aging occurs over
a temperature range of — 50 to 80 °C. The aging duration
is 45 h using the standard waveform with a voltage ampli-
tude of 210 V. Temperature is controlled using a Blue-Y
environmental furnace. Thermocouples located in the fur-
nace near the sample record the temperature. Turn-on
voltage sampling is performed automatically with a com-
puter-controlled system using the C-V analysis technique
and the aging is carried out under continuous applied field.
The turn-on voltage is obtained graphically from the C-V
curves generated.

All of the dots undergo a room-temperature warmup
to full operating voltage to ensure self-healing of defects
that would otherwise cause burnout. The warmup proce-
dure consists of using the standard waveform at an initial
voltage amplitude of 10 V and increasing the amplitude to
210 V in 3-V steps over a period of approximately 35 min.
Each dot is then subsequently further aged, at 210 V, as
required, to obtain an initial turn-on of ¥, , =125 V, to
within 2%.

ill. EXPERIMENTAL RESULTS AND ANALYSIS
A. ACTFEL aging experimental resuits

The results of ACTFEL aging experiments are sum-
marized in Figs. 3-5 for the following temperatures:
—50°C, —10°C, 0°C, 20°C, 60 °C, and 80 °C. The fam-
ily of selected C-¥ curves shown in Fig. 3 are for the 60 °C
experiment. These C-V¥ curves show characteristics typical
of all aging experiments at various temperatures. In gen-
eral, it is observed that the turn-on voltage shifts rigidly
with operating time and that C, and C, remain constant, to
within experimental error, with aging time.

As can be observed from Figs. 4 and 5, the aging char-
acteristics can be classified into four regimes: (1) incuba-
tion period, (2) logarithmic aging, (3) saturation, and (4)
long-term aging.
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FIG. 3. C-V curves for 60°C experiment. Arrow indicates direction of
increasing aging time. Aging times of curves shown are ! s, 20 min, and
9.5 h.

At lower temperatures there is an incubation period, in
which the turn-on voltage is essentially constant; this in-
cubation period is most clearly evident in Fig. 5. This in-
cubation period lasts 1 h at the lowest temperature
( — 50°C) and eventually disappears at and above room
temperature (20 °C). The incubation period is followed by
a period in which the turn-on voltage increases logarithmi-
cally with aging time. Next, the turn-on voltage ap-
proaches a saturated value which is temperature-depen-
dent. Finally, the last aging regime is denoted long-term
aging in which the turn-on voltage decreases slowly with
increasing aging time. The logarithmic and saturation ag-
ing regimes are taken to collectively comprise what we
denote the short-term aging characteristics, which is the
focus in the remainder of this paper. The incubation period
is tentatively attributed to the fact that the warm-up and
preaging occur at a higher temperature than that of the
aging. Long-term aging kinetics will be the subject of fu-
ture study. Thus, our present study of the aging kinetics
will focus on short-term aging in which the kinetics are
found, or extrapolated, to be logarithmic or saturated.
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F1G. 4. Turn-on voltage. ¥, ,, as a function of aging time at temperatures
of — 50, — 10, 0, 20. 60, and 80 °C.
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FIG. 5. Turn-on voltage, V,, ;, as a function of the natural logarithm of
aging time at temperatures of — 50, — 10, 0, 20, 60, 80°C.

During the aging experiment it is observed that the
turn-on voltage is temperature-dependent. Figure 6 shows
the temperature dependence of a fully aged dot. The ob-
served change in turn-on voltage is attributed completely
to temperature since the device had been well aged and the
experiment was conducted in a short period of time. Figure
6 clearly shows a linear dependence of the turn-on voltage
on temperature. The initial and final turn-on voltage for
ez .h aging temperature, as shown in Fig. 7, also indicates
a iinear dependence of the turn-on voltage with tempera-
ture.

The cause of the temperature dependence of the turn-
on voltage is uncertain. The temperature dependence of the
insulator capacitance was checked from 20 to 95°C and
found to vary by only 49%. This small varation in the
dielectric constant is insufficient to explain the observed
turn-on voltage temperature-dependence.

B. Activation energy extraction from aging kinetics

If the incubation and long-term aging periods are tem-
porarily ignored, ACTFEL aging experiments show an in-

TURN-ON VOLTAGE (VOLTS)
@
&

200 220 240 260 280 300 320
TEMPERATURE (KELVIN)

FIG. 6. Turn-on voltage, ¥, ,, as a function of the temperature for a fully
aged dot.
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FIG. 7. Tum-on voltage, ¥,, ,, as a function of temperature for initial
(lower curve) and final aging times.

crease in the turn-on voltage which depends logarithmi-
cally on the aging time with a subsequent turn-on voltage
saturation. Fucther, there is a temperature dependence of
the turn-on voltage that is relatively independent of aging.
The following equation is found to fit the ACTFEL aging
data in the logarithmic and saturation regions and to ac-
count for the temperature dependence of the turn-on volt-
age:

AV, (1) = AVSAT(T) (1 —exp( —an)], (3)

where AV,,(¢) is the measured change in turn-on voltage
at a given temperature, AVSAT(T) is the difference be-
tween the saturation turn-on voltage and the initial turn-on
voltage at a given aging temperature, and a is the rate
constant characteristic of the ACTFEL aging process.
Equation (3) can be rearranged to yield

| AV, (1)
A

Therefore, a plot of the right-hand side of (4) versus time
should result in a linear relationship in time, the slope of
which corresponds to the rate constant, a. If In a is ex-
tracted for each temperature and plotted versus the inverse

. (4)
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F1G. 8. Normalized shift in turn-on voltage as a function of aging time at
a temperature of — 50°C.
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FIG. 9. Normalized shift in the turn-on voltage as a function of aging
time at a temperature of 80 °C.

of the absolute temperature, the slope of such a plot yields
the activation energy for ACTFEL aging.

Each of the six sets of aging data is plotted in accor-
dance with Eq. (4). Two of these normalized turn-on volt-
age difference curves are given in Figs. 8 and 9. A value for
AVSAT(T) is found for each temperature from the experi-
mental data and the rate constant, a, is determined from
best fit of the linear region of these normalized plots. The
natural algorithm of the rate constant for each temperature
is then plotted as a function of inverse absolute tempera-
ture to obtain an Arrhenius plot as shown in Fig. 10. The
slope of this line, which corresponds to the turn-on voltage
activation energy for aging, has a value of approximately
0.2 eV.

V. DISCUSSION
A. Aging electrostatics

C-V curves for the short-term, logarithmic aging re-
gime are characterized by: (1) C, and C, do not vary ap-
preciably with aging time, (2) the C-V transition region
shifts rigidly with aging time, and (3) the turn-on voltage
increases with aging time. Consideration (1), that C, and
C, do not vary appreciably with aging time, implies that the
centroid of the space charge giving rise to the turn-on volt-
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FI1G. 10. Arrhenius plot of the ACTFEL aging expenmental data.
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age must be located near the SiON/ZnS interfaces. The
maximum distance from the interface that the centroid of
trapped charge is located is denoted as Ad and is given by:

Ad = e4AC/C, (3)

where € is the dielectric constant for the insulator or phos-
phor, whichever is appropriate, AC is the capacitance mea-
surement uncertainty, and C* is the insulator or phosphor
capacitance, whichever is appropriate. Using AC, = +0.05
nF and AC; = %0.1 nF in Eq. (5) leads to Ady,g = 680 A
and Ad;, =200 A. In other words, the experimental fact
that C, and C; are constant to within the specified measure-
ment uncertainties implies that the centroid of the space
charge giving rise to the threshold voltage is located within
200 A of the interface in the insulator or within 680A of
the interface in the ZnS. Indeed, these distances are actu-
ally upper limits and it is likely that the trapped charge
resides much closer than this to the interface.

Consideration (2), that the C-} transition region shifts
rigidly with aging time, implies that the interface state den-
sity prior to field-clamping, N, does not change signifi-
cantly with aging. This rigid C-¥ shift with aging implies,
in accord with metal-insulator-semiconductor (MIS) C-V
studies,'” that the observed turn-on voltage shift is consis-
tent with an increase in the fixed charge density but not
with an increase in the interface state density. Note that
fixed and interface state charge are both located at the
interface; fixed charge is distinguished by the fact that it is
unperturbed with respect to the applied bias whereas in-
terface states may be charged or discharged by an applied
bias and interface state charge contributes to the conduc-
tion current. Fixed charged gives rise to rigid shifts in the
C-V curve, whereas interface state charge leads to nonrigid
C-V shifts; thus, a difference in the slope of the C-¥ curve
is a good indicator that the interface state charge has been
perturbed. Although evaporated ZnS:Mn ACTFEL de-
vices exhibit rigid C-V shifts with aging time, this is not
true of all ACTFELs. In particular, ZnS:Mn ACTFEL
devices grown by atomic layer epitaxy possess C-¥ char-
acteristics in which the slope decreases, and hence N in-
creases, with aging time.

Consideration (3), that the turn-on voitage increases
with aging time, can be attributed to an increase in the
internal, phosphor turn-on voltage, and/or to a reduction
in the polarization charge, and hence the polarization field.
To assess which of these changes is responsible for the
observed increase in the turn-on voltage, plots of (a) the
turn-on voltage, V,, |, (b) the change in polarization and
conduction charges, AQ0, and AQ.ng With aging time
{note that in this paper A will denote a change with respect
to aging timc) and (c) the internal phosphor electric field
at turn-on, gp. as a function of aging time are shown in
Fig. 11. §' is determined? from the turn-on voltage, ¥,, ;,
and @, as follows:

o CV(ol Q;d
£, = d————(c Tcitac (6)

The superscript e in Q‘po, is used tv emphasize that this
quantity is an externally measured quantity; the corre-

4044 J. Appl. Phys., Voi. 71, No. 8, 15 April 1992

150 -

TURN-ON VOLTAGE (VOLTS)

100
20
TIME (HOURS)

—
)
~—

CHARGE (NANOCOULOMBS)

N
)
:

20 40
TIME (HOURS)

g
g

} o
|
|
|

_._.
2 8

1

1.85~

8

1 Slj. .
1 5%

<
1 57-

ELECTRIC FIELD (MV/cm)

1,66 —————— e ——— -
o 20 40
TME (HOURS)

{e)

FIG. 11. Plots of (a) the tum-on voltage, ¥, ,, (b) the change in polar-
ization and conduction charges with aging, AQf,, and AQ, ., and (c) the
n—l7

internal phosphor electric field at threshold. . as a funcuon of aging
time at a temperature of — 10°C.

sponding internal polarization charge i1s denoted onl and

these two polarization charges are related as follows:**>
C+C,
Cpol = T Q‘por (7

oo and de are evaluated directly from the Q-V
curve as follows.*! Qho1 is taken to be one-half of the width
of the Q-¥ curve evaluated at an applied voltage of zero;
this corresponds to the externally measured charge which
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1s stored at the phosphor interface after the voltage pulse
goes to zero. Q .qq is the change in charge measured from
the turn-on voltage to the maximum applied voltage and
corresponds to the internal charge which is transferred
across the phosphor above turn-on.

It is evident from Fig. 11 that the experimentally ob-
served increase in the turn-on voltage with aging time
arises, at least partially, from a decrease in Qf, with aging
time. Note that Q_ 4 and Q‘p‘,l both decrease w1th aging

time in the same manner; this is not unexpected®' since if
field-clamping is assumed to occur:
C, + C
Qeond = 22000 (8)

Also note from Fig. 11(c) that &, increases slightly with
respect to aging time [i.e., an increase in 5‘ of 0.09 MV/cm
is evident from Fig. 11(c); the other aging temperatures
yield increases in §;° over the duration of the aging from
0.04 to 0.11 MV/cm).

We can estimate the contribution of the change in the
polarization charge, AQ"W‘, and the change in the phosphor
turn-on field, A§‘° to the change in the turn-on voltage,
AV _, by evaluatmg Eq. (6) in terms of these quantities

o I’

and rearranging to yield

AV = (9)

c,+c ( dace

&)
Note from Fig. 11(b) that AQr, is a negative quantity
such that the last term of Eq. (9) is a positive quantity
which increases the turn-on voltage with aging time. The
fraction of AV,, | arising from the AQf, term of Eq. (9) is
0.43+0.04 for the various aging temperatures. Thus, about
40% of the change in the turn-on voltage arises directly
from the change in the polarization charge, and hence the
polarization field, whereas approximately 60% of the
change is due to the small increase in the internal, phos-
phor field at turn-on.

Physically, a change in the electric field, Ag‘:, can arise
from: (1) a perturbation in the tunneling barrier seen by
interface states due to trapped fixed charge, (2) a shift in
the density of filled interface states to deeper energies be-
cause of the trapped fixed charge (since the conduction
charge which is trapped arises from the more shallow in-
terface states, an equivalent amount of conduction charge
after trapping must arise from deeper interface states), (3)
a change in the interface state density with aging.

Possibility (3) does not seem as physically viable as
(1) and (2). Also, the rigid shift in the C-¥ curve implies
that at least the preclamping state density is unaffected by
aging. Thus, we conclude that the observed increase in

» as calculated from Eq. (6) and plotted in Fig. 11(c)
arises from the trapped fixed charge due to a perturbation
of the tunnel barrier and/or a shift of the filled interface
states to deeper energies. Therefore, although Eq. (9) im-
plies that A¥,, |, can be simply resolved into distinct con-
tributions from AQ‘W and A&, physical considerations
lead us to conclude that both contnbutions arise from the
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FIG. 12. Idealized electron transport and trapping sequence for an ACT-
FEL device with symmetric interfaces. (a) Equilibrium; charge neutrality
exits, (b) negative bias; no trapping, (c) positive bias: no trapping, (c')
maintain positive bias; trap | electron, (d) negauve bias; no trapping,
(d') maintain negative bias, trap | electron. (e) positive bias: no further
trapping, (f) negative bias; no further trapping.

same source, namely, trapping of conduction charge into
deep level, fixed charge states.

The fraction of conduction charge which is trapped
during the aging experiment, detined as
[Qeond(f =0) = Qeong (1=145 1))/ Qeoaa(t =0), is found
to be between 10% and 149% for the aging temperatures
investigated. Thus, trapping of a relatively small fraction of
the initial conduction charge into deep level, fixed charge
states gives rise to the observed increase in the turn-on
voltage. Since this fraction of trapped charge is rather
small, our consideration (1) argument, that the trapped
charge is localized very close to the interface because the
shift in the charge centroid is rather small, is weakened. In
spite of the inconclusiveness of the consideration (1) ar-
gument, it is our contention that trapping of conduction
charge into deep level, fixed charge states occurs very near
the phosphor/insulator interface.

From the above considerations, the following picture
of the aging electrostatics emerges. Some of the conduction
charge originally available for transport is trapped as a
function of aging time at or very close to the interfaces,
giving rise to less conduction and polarization charge.
Since there is less polarization charge available, the turn-on
voltage increases. The electron charge is trapped at deep
traps located near the interface which are not discharge-
able by the applied voltage; these electron-filled deep traps
contribute to fixed charge in contradistinction to interface
state charge.

The details of the aging electrostatics can be better
appreciated by referring to Fig. 12 which illustrates an
idealized electron transport and trapping sequence for a
device with symmetrical interfaces, which is consistent
with our experimentally observed aging trends. Sequence
(a) shows the equilibrium situation prior to the application
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of a bias in which charge neutrality exists at both inter-
faces. The two columns of horizontal lines represent inter-
face states at the left and right interfaces and the filled
circles represent electrons occupying these interface states.
Sequences (b) and (c) indicate how the interface state
occupancy changes with respect to the application of pos-
itive and negative pulses if no deep trapping is presumed to
occur. The empty circles represent interface states initially
filled under equilibrium charge neutrality conditions but
which are now not filled with electrons. + and — indi-
cate the charge state deviation from electrical neutra..ty.
The internal polarization charge, Q,;, is indicated at the
top of each sequence and the associated polarization field
lines are also shown. The conduction charge, Q.,nq Which
is transported between the present and previous sequence is
also indicated at the bottom of sequences in which charge
transport has occurred. Sequence (c’) illustrates electron
trapping into a deep level giving rise to fixed charge; note
that the consequence of this trapping is a reduction of
Q.onds 35 shown between (c’) and (d), and a reduction in
the polarization charge of the subsequent opposite polarity
pulse, as indicated in sequence (d). Electron trapping at
the other interface is illustrated in sequence (d’'). As can be
seen by comparing sequences (b) and (c) to (e) and (f),
the net effect of trapping electrons in deep levels is to de-
crease Q.4 by an amount equal to the amount of charge
trapped and to decrease @, by an amount equal to one-
half of the charge trapped. This reduction in O, leads to
a reduction in the polarization field, which aids the subse-
quent voltage pulse, with a concomitant increase in the
turn-on voltage. ‘

B. Physical mechanisms of aging

As found in the previous section, ACTFEL aging ap-
pears to be due to electron trapping at deep levels located
at or very near the interfaces. These deep levels are not
dischargeable by the electric field so they contribute to the
fixed charge in contradistinction to interface state charge.
What is the physical nature of these deep, fixed charge
traps and how do they arise?

With respect to the second part of the above question,
how do the deep, fixed charge traps responsible for ACT-
FEL aging arise, there seem to be two possible answers.
First, these deep traps may exist in the initially fabricated
ACTFEL device but the capture probability may be very
small and, thus, a long aging time may be required before
these traps are filled with electrons. The capture probabil-
ity is particularly small if the electrons to be captured have
to surmount an energy barrier, Ej,, or tunnel a distance, x,
into the interface to be captured. In such a case the capture
cross section, o, is exponentially reduced in comparison to
the normal capture cross section, g,, as follows:

b En X
g = a,exp( ka )CXP(Z) f

where x, is a characteristic tunneling distance. This type of
aging instability, which is subsequently denoted as charge
injection and trapping, arises in a wide variety of metal-

(10)
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insulator-semiconductor (MIS) systems including amor-
phous silicon,?® InP,?* and CdSe.?* Charge injection and
trapping instabilities are characterized by logarithmic ag-
ing kinetics and a very weak temperature dependence;’ the
aging activation energy has been reported to be 0.04-0.05
eV for InP MIS capacitors* and 0.12 eV for CdSe thin-film
transistors.?*

Although the logarithmic aging kinetics associated
with charge injection and trapping are consistent with the
experimental short-term aging data, the activation energy
is a bit too large to be consistent with this mechanism.
Furthermore, recent experiments provide additional evi-
dence that ACTFEL aging does not occur by charge injec-
tion and trapping. In these experiments, attempts were
made to reset the turn-on voltage after aging by photode-
population of deep traps. Three optical sources, a tungsten
lamp, a high-pressure mercury lamp, and a nitrogen laser,
were employed in the infrared, visible, and ultraviolet re-
gions of the electromagnetic spectrum for photodepopula-
tion. Optical irradiation of the ACTFEL device was ac-
complished under open- and short-circuit conditions for
various irradiation times. These experiments yielded no ev-
idence for turn-on voltage resetting by photodepopulation.
Since the turn-on voltage could not be reset optically, it is
concluded that the aging is irreversible, which is inconsis-
tent with charge injection and trapping in which the turn-
on voltage can be reversibly reset.’

The second possible way in which the deep traps re-
sponsible for aging instabilities arise is that they are gen-
erated by atomic rearrangement at the interface. This is the
mechanism we prefer to invoke to explain the experimen-
tally observed ACTFEL aging trends. The aging is envis-
aged to occur as follows. Energetic hot electrons impinge
against the insulator conduction band discontinuity and
must dissipate a significant amount of energy, denoted
E ., to thermalize to the bottom of the phosphor conduc-
tion band and are subsequently trapped at interface states.
If the aging mechanism involves atomic migration, it is
most likely that the hot electron thermalization energy,
E ., is of primary importance in facilitating bond break-
age and atomic rearrangement in the impact zone located
near the interface. The activated atomic species can then
migrate away from the impact zone into either the SiON or
the ZnS under the influence of electric field and tempera-
ture.

If such atomic migration is responsible for ACTFEL
aging the experimentally deduced aging activation energy
of 0.2 eV must be identified as the migration energy, AH,,
for atomic migration. AH,’s for nearest- and second-near-
est neighbor hopping into a vacancy are estimated using
Van Vechten’s ballistic model for atomic migration®

AH,, =im(Fdkg0,/h)?, (11)

where m is the mass of the atom which hops, Fis a geo-
metric constant equal to 0.9, d is the distance which the
atom hops, kg is Boltzmann’s constant, 6, is the Debye
temperature, and 4 is Planck’s constant. For the purpose of
these estimates, the hopping distances are assumed to be
the equilibrium nearest- and second-nearest neighbor
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TABLE L. Esumated migration energies for nearest- and second-nearest
neighbor hopping.

AH (V) AH,, (eV)
Hopping atom Nearest-neighbor Second-nearest neighbor
Zn 0.81 2.16
S 0.40 1.08
St 0.38 0.53
(o) 0.20 0.94
N 0.17 0.47

atomic distances in ZnS(i.e, 2.35 and 3.38 A) and the
Debye temperature of ZnS (8, = 350 K) (Ref. 27) is as-
sumed. The estimated values of AH,, are collected in Table
I. Note that these estimates are not expected to be precise
because of inherent limitations of the ballistic model and
also because of the questionable validity of assuming bulk
ZnS properties at the interface. With these limitations in
mind, an analysis of Table I suggests that the experimen-
tally observed activation energy of 0.2 eV is most compat-
ible with interdiffusion by nearest-neighbor hopping at the
interface, whereas second-nearest neighbor hopping would
seem to be precluded because of the large predicted AH,’s.
It should be noted that vacancy self-diffusion in a com-
pound semiconductor such as ZnS is a conceptually simple
process if it occurs by second-nearest neighbor hopping
since it occurs only on a single sublattice. In contrast, near-
est-neighbor hopping in ZnS is a muck more complicated
self-diffusion process in which hopping transforms a simple
vacancy into a more complicated vacancy-antisite defect.
Thus, nearest-neighbor hopping naturally gives rise to the
creation of defect complexes which could be responsible for
the fixed charge, deep levels responsible for aging instabil-
ities. For example, suppose that sulfur vacancies, ¥§'s exist
at the SiON/ZnS interface, as has been previously sug-
gested by various researchers.”!!"1%!* A possible atomic
mechanism for aging instabilities could invoive O or N
diffusion by nearest-neighbor hopping into a sulfur va-
cancy which could be described by the following defect
reactions:

Oo+ VS"°05+ Vo, (12)

nnh

NN+ VS“NS+ VN' (13)

nnh
The defect complex specified by the right side of the above
defect reactions would presumably be the source of the
fixed charge, deep levels responsible for ACTFEL aging.
Such a process of electron trapping due to deep level for-
mation by nearest-neighbor hopping has been previously
invoked?* to explain threshold voltage instabilities in InP
MIS capacitors.

The proposed atomic scenario presumes that the re-
quired interdiffusion occurs within atomic distances of the
interface. The viability of this assertion can be tested by
noting that the maximum amount of trapped charge is
equal to (AQ.,.g)™*. which from Fig. 11(b) is about 31
nC. If each atomic defect captures only one electron and
these defects exist within 10 A of the interface, this yields
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a density of atomic defects of order 10'/cm®. (The device
area is 0.079 cm®.) Thus, a 0.1% concentration of sulfur
vacancies initially residing within 10 A of the interface is
sufficient to give rise to the aging instabilities observed
experimentally; this appears to be a viable possibility.

V. CONCLUSIONS

An ACTFEL aging study is presented in which the
C-V technique is used to characterize the electrical prop-
erties of evaporated ZnS:Mn ACTFEL devices at various
temperatures as a function of aging time. The primary ex-
perimental findings of this study are the following: (1) The
insulator and phosphor capacitances are constant with re-
spect to aging time; this suggests that the perturbation in
the electrostatic charge distribution which is responsible
for aging occurs near the SiON/ZnS interfaces. (2) The
C-V curve shifts rigidly with aging time; a rigid shift indi-
cates that changes in the fixed charge density, not the in-
terface charge density, give rise to aging. (3) The C-V
turn-on voltage increases while the polarization and con-
duction charges decrease as a function of aging time. Also,
the internal phosphor turn-on field increases slightly with
respect to aging time. These experimental observations im-
ply that conduction charge originally available for trans-
port is trapped in deep traps at the SiON/ZnS interface,
reducing the polarization charge and, thus, increasing the
turn-on voltage. (4) The activation energy for short-term
aging is found to be approximately 0.2 eV.

These experimental observations lead to the following
model for aging of evaporated ZnS:Mn ACTFEL devices.
Atomic rearrangement at SiION/ZnS interfaces leads to the
formation of deep level, fixed charge states which trap
transported conduction electrons. Such electron trapping
leads to a reduction of the conduction and polarization
charges and an increase in the turn-on voltage. It is likely
that atomic migration is stimulated by the thermalization
energy dissipated by hot electrons after they impinge upon
the SiON conduction band discontinuity. Also, it is likely
that atomic migration at the interface is exacerbated by the
presence of sulfur vacancies in the ZnS near the interface.
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ABSTRACT
A brief review is provided summarizing charge-voltage (Q-V) and capacitance-voltage (C-V)

characterization of alternating-current thin-film electroluminescent (ACTFEL) devices. A sypopsis of SPICE
modeling of ACTFEL devices as related to electrical characterization is also included.

1. INTRODUCTION

The purpose of this paper is to review certain electrical methods used to characterize alternating-current
thin-film electroluminescent (ACTFEL) devices. Primary emphasis is placed on the charge-voltage (Q-V) and
capacitance-voltage (C-V) techniques. Also, SPICE modeling as relevant to the electrical characterization of

ACTFEL devices is briefly discussed. Much of what is contained in this paper originates from previously
published work. 117

2. EXPERIMENTAL TECHNIQUE
A.  Measurement Set Up

The basic generic circuit used for the electrical character-

ization of ACTFEL devices is shown in Fig. 1 where "series” vi(t) vo(t)

and "sense” refer to locations Where possible circuit elements or ! |

probes are located and "D.U.T." stands for device under test. *-——'-‘! series 1

vi(t), vo(t), and v5(t) refer to the three jocations at which the —_— (" ]

vclJltage can be mogitored as a function of time. ! i D.UT. }
Table 1 summarizes five circuit configurations which have / v

been used for the electrical characterization of ACTFEL devices. J_LU | 3

Note that the purpose of these circuits is to assess the two- \/ sense

terminal ACTFEL characteristics by measuring v,(t), v(t),
v4(t), or the total current, i(t). The fifth column of Table 1
eatitled "i(t) Expression” refers to the relationship used to
evaluate i(t) in terms of more fundamental, measurable quanti-
ties.

I

1

The main advantage of methods 1 and 2 is their very good
time resolution. In contrast, the RC time constant associated Figure 1. Basic generic circuit for
with methods 3-5 smears out the measured current or voltage ACTFEL characterization.
transient, thus, obscuring the dynamic response at short time.
However, methods 3-5 are advantageous for experiments such as :
long-term aging studies!” in which the short-time response is of less significance than the lifetime of the device;
the series resistor acts as a current-limiter, protecting the ACTFEL from catastrophic breakdown.

B. Assessment of Electrical Quantities

The two fundamental dynamic quantities of importance for ACTFEL electrical characterization are total
current, i(t), and the total voltage across the ACTFEL device, v (t). i(t) is obtained as indicated in Table 1
whereas (1) = v,(t) - v3(t). From these fundamental, measurable quantities several other electrical quantities
may be deduced as follows.
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Table 1. Circuit configurations used for ACTFEL electnical characterization.

Method Series Sense Circuit i(t) References
Number Device Device Designation Expression
—
1 - capacitor (C,) Sawyer-Tower p 2,9
V3
T
2 current probe — current probe measured 14
method directly
3 resistor (R,) - series resistor 12
method valt) - vy
RS
4 resistor (R,) resistor (R,) current scnse 15-17
resistor method va(t)
RC
5 resistor (R.) capacitor (C resistor/capacitor 8
* P ’ method va(t) - vy (1)
RS

For methods 2-4 the instantaneous charge, g(t), is evaluated as the integral of the current,
q(t) = I l_o i(r)dr . n
T

Note that q(t) is given directly by q(t) = C v4(t) for methods 1 and 5 which employ sense capacitors. In these
cases 1(t) can be calculated as,
. dq(t)
) = —=, @
0= =5
or, alternatively, by the expressions shown in Table 1. A Q-V curve is obtained by plotting q(t) versus v (t).
It is important to note that q(t) evaluated using methods 2-4, which do not utilize a sense capacitor, is arbitrary

to within an integration constant so that the q(t) and Q-V offsets are unspecified. This Q-V offset problem can
be overcome by acquiring i(t) over a full period of the waveform. The following condition,

T = 3
L-o q(tydt = 0, 3)

where T is the voltage waveform period, can then be imposed upon the q(t) curve calculated from i(t) to obtain
the proper offset. The condition specified by (3) arises from steady-state charge conservation. In contrast,
methods | and 5, which employ sense capacitors, give Q-V curves with appropriate offsets along the y-axis since
the sense capacitor accounts for the integration constant responsible for this offset.

The dynamic capacitance is equal to the first derivative of the charge with respect to the voltage across
the ACTFEL device,

- _dqv)
C[Ve](t)] = dTCl(—-B (4)

or, equivalently, as the total current divided by the time denvative of the voltage across the ACTFEL device,

i(t) .
dv (1) (5)
dt

Clva®] =




The C-V curve is found by plotting C{v,(1)] versus v (t).
The electric field in the phosphor, fp(t), is givea by,!!

. 1 - 6)
£p(t) a; {v,.(t) —C—]

where d_ is the thickness of the phosphor and C; is the total insulator capacitance of the ACTFEL device. The
validity of (6) depends upon the absence of bulk charge in the phosphor so that the field is constant across the
phosphor.

The conduction current, i ,,4(t) is usually found using a capacitive bridge technique
the displacement current is nulled out below threshold.

Alternatively, if it is again assumed that there is no bulk space charge, i ,,4(t) may be calculated ! as,

Ci+C,

1.5.7,10.13.34 1 \which

chl(t)
7
-— )

cong(t) = i) - ¢,

Plotting i ,,4(1) versus fp(t) yields the current-field (I-§) curve. The advantage of I-{ plots is that they
graphically display the nonlinear resistor characteristics which are important for establishing the device physics
of ACTFEL performance. The primary disadvantage of this technique is that its accuracy depends on the precise
establishment of C;.!3

3. SPICE SIMULATION OF ACTFEL DEVICES

Perhaps the simplest equivalent circuit® for an ACTFEL device c, ——
is indicated in Fig. 2. C;; and C;5 are insulator capacitances and C i
is the phosphor capacitance. The phospbor capacitance is shunted by }-—_;2/ D,
two back-to-back Zener diodes which account for conduction and field cp —— c/ D2
clamping in the phosphor. SPICE simulation using this simple —
equivalent circuit describes the main features of ACTFEL operation Co___—

but does not account for the detailed electrical characteristics
measured experimentally.

An improved equivalent circuit!3+16 which accounts for more
details in the two-terminal characteristics exhibited by ACTFEL Figure 2. Simple ACTFEL equiv-
devices is given in Fig. 3. R;;, R;5, and Rp represent shunt resis-  zlent circuit.
tances of the respective insulators or phosphor. R;,, accounts for the
non-zero series resistance of the conducting, transparent electrode. Ry
1s deaoted the diode resistance.

Currently, our most complete ACTFEL model!® consists of inserting a parallel resistor-capacitor (RC)
combination between R, and the lower node. This RC parallel network more precisely accounts for the dynamic
behavior observed in i(t) or £P(t) charactenistics.

4, ACTFEL ELECTRICAL CHARACTERIZATION METHODS
A. Charge-Voltage (Q-V) Analysis
1. Ideal Q-V Characteristics

A set of ideal Q-V curves is indicated in Fig. 4. Curve (a) corresponds to a situation in which the
maximum voltage across the ACTFEL device, V, is less than the threshold voltage, V.. V, corresponds to
the critical applied voltage across the ACTFEL device at which appreciable conduction current begins to flow.
Since V, < V, for curve (a), the Q-V curve is linear, as expected for a capacitor.

Curve (b) in Fig. 4 corresponds to V2 V,, such that an appreciable amount of conduction current
begins to flow with a concomitant initiation of hysteresis. It is important to note that Q-V curves are obtained
for a coastant V  and that V,, corresponds to the cntical V_ at which conduction and Q-V hysteresis are
imtiated. Thus, Q-V curves obtained at constant V,, are distinctly different in how they are obtained compared
to bnghtness-voltage (B-V ) curves which are generated by varying V. It should also be noted that the
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Figure 4. Ideal Q-V curves.

Figure 3. Improved ACTFEL equivalent circuit
mode! for SPICE simulation.

ACTFEL threshold is not distinct (i, .4 depends approximately exponentially on §,) and, thus, V ; is not prec-
isely defined. In this respect, ACTFEL threshold characteristics are analogous to subthreshold effects in short-
channel MOSFETs. !

Returning to Fig. 4, curve (c) represents a more typical Q-V curve where V. > V,,. The labels A, B,
D, E, G, and | are used to designate specific points on the Q-V curve and are used in the subsequent discussion.
Vi, is the value of V| at which conduction current begins to flow. When V_ exceeds V,;, conduction current
causes an accumulation of polarization charpe at the phosphor/insulator interface which assists conduction on
the subsequent pulse. Thus, V ,, the tum-on voltage, is lowered below V|, and conduction in initiated when
Vel® = V.

Again returning to Fig. 4, curve (c), the total capacitance, C,, of the ACTFEL is oblained from the slope
of the Q-V curve in the pre-turn-on regime. Similarly, the total insulator capacitance, C;, is given by the slope
of the Q-V curve above tumn-on. Hence, the phosphor capacitance, Cp, can be calculated from

Lo’

— e . ®)

i, Realistic Q-V Charactenistics

A realistic Q-V curve (i.e., a piecewise-linear curve showing the important features present in a real Q-V
curve) is shown tn Fig. 5 and differs from the ideal curve of Fig. 4 at V = Ve V;, and 0 V where the Q-V
curve becomes essentially a multivalued function of voitage. In order to scrutinize Fig. 5 more closely, we
supplement the labels of Fig. 4 with the additional labels, C, F, H, and J. Table 2 and Fig. 6 help clanfy new
features in the actual Q-V curve which are not present in the ideal curves.

Q%4 indicated in Fig. 5 is the total conduction charge transported across the phosphor during the
positive voltage pulse. Note that for an asymmetrical ACTFEL device it 1s necessary to distinguish between
charges arising from each voltage polarity, which is readily accomplished with the superscripts + and -. ;'g,
denotes the external (thus, the superscript “e”) polarization charge stored at the phosphor insulator interface after
the positive voltage puise goes to zero. (No "e” superscript is required for Q. . 4 since when conduction charge
flows the phosphor capacitance is shunted and the measured conduction current or charge is identical to that
which flows internally in the ACTFEL.) Note that our definition of QF | differs from that of most authors who
define polarization charge as the total difference in charge obtained from the Q-V curve at zero voltage. We
prefer the present method since it enables us to handle asymmetrical devices in a more straightforward manner.
Finally, the internal polarization charge, Q is related to Q;ol as follows:79+11

C,+C, .
Q I-—'.I__pQ .
po C, pol

pol®
®




If field-clamping is assumed, it can be shown from a
geometrical analysis of Fig. 5 that

+* Q-l
\A g’

1

Va (10

where Q;;ol is a negative quantity.
Sections of the Q-V curve labeled EF and JA define
¥ ax 80d Qfeyy. the external leakage charge associated
with the positive and negative applied voltage pulses,
respectively. Q.. arises from electron emission from
shallow interface states during the zero voltage portion of
the waveform, as clarified by Fig. 7. Notice that Q.
reduces the polarization charge and therefore increases V,
as predicted by eqn. (10). Additionally, it is possibie to
measure the interface state depsity from Qlcakg) using &
field-control circuit to adjust {_ between pulses.20
Sections CD and HI of Fig. 5 correspond to the
portion of the applied voltage waveform where the voltage
is constant and at its maximum value, as seen in Fig. 6(a).
Point C is the time at which 1(t) maximizes. Thus, CD
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Figure 5. Realistic Q-V curve.

corresponds to a region of the Q-V curve in which the conduction current tail flows and the phosphor field

relaxes, thus defining the relaxation charge, thlu'

For many applied voltage waveforms and measurement

configurations, (e.g., large V_, large pulse width, and large RC time constant) the ch,u portion of the Q-V

curve corresponds to a significant fraction of Q% 4.

Table 2. Q-V curve classification for positive pulse portions of the curve.

Section Q-V Curve Classification Comments
of
Q-V Curve
AB (FG) | prebreakdown slope = G,
B (G) VTO tum-on voltage
BC (GH) | postbreakdown, large amount of con- slope = C;
duction current flows
BD (GI) defines Q'gmd conduction charge
C (H) i(t) maximizes see Fig. 6
CD (HD) postbreakdown, small amount of con- see Fig. 6
duction current flows; defines Qt,,, relaxation charge
D v maximum applied voltage
DE (1)) external voltage retumns to zero see Fig. 6
EF (JA) | defines Q7. external leakage charge
OF (OA) | defines (Z;:l external polarization charge
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: ¢ () The Q-V curves discussed in the previous section anse from

o B plotting the instantaneous functions q(t) versus v ,(t) while V_ is
g 2 ( o ¢ . ﬂ held constant during the measurement. An alternative approach o
% S e 71— Q-V analysis is to measure i(t) as a function of V, and to process
< U 1 v i(1), as described in the foliowing, in order to obtain a steady-state

: ¢ Q-V curve. We denote the steady-state Q-V curve as Q-V to

- M distinguish it from the conventional instantaneous Q-V curve.

0 50 100 130 200 250 300 350 400
{urwe {rmucroseconds)

To obtain the Q-V, curve first measure i(t) as a function of
V., from below threshold to about 30 V above threshold in 1 V

Figure 6. vgy (1), g(t), and i(l) curves. Do ,
e EL(t): Q(1), and i(t) curves steps. Then define t; and t, as shown in Fig. 8 with t5 - t; = t}.

Next define:
Qon(Vam) = L‘_‘O i(r)dr (11)
and
Qof{Ven) = J :3(, i(r)dr . (12)

Q,r corresponds to the displacement charge due to the falling portion of the applied voltage waveform while
Q,y, is the sum of the displacement and conduction charge of the previous portion of the waveform.

Plotting Q¢ and Q,, versus V_ results in the Q-V_ curve is illustrated in Fig. 8(c). The pnimary
advantage of this technique is that the same threshold voltage, V,,, as found from a B-V  measurement is de-
duced. Additionally, the slope of Q,, and Q yield, respectively, C; and C;. However, C, measured using
the steady-state Q-V_ technique is a static capacitance which, in general, differs from C,; found from the
dynamic Q-V method. The difference in the static and dynamic values for C; arises from the relaxation charge.
Note that C; measured by the Q-V method corresponds to the capacitance to be charged by the voltage dnvers
whereas C; measured by the Q-V technique is the dynamic capacitance relevant for assessment of the physical
capacitance of the dielectnic layers.

Returning to Fig. 8¢, observe that the luminance or brightness, B, is plotted as a function of V. V.
is evident from the discontinuity in the B-V_ slope. The subthreshold, short-channel-like!® effects mentioned
previously are evident in this curve as B depends exponentially on V in the subthreshold regime.

B. Capacitance-Voltage (C-V) Analysis

One way of viewing C-V analysis is that the dynamic capacitance, i.e., the instantaneous current divided
by the denvative of the voltage across the ACTFEL device with respect to time as indicated by eqn. (5), 1s




plotied as a function of the instantaneous voltage dropped
across the ACTFEL device. This is the perspective from
which we have viewed the C-V technique previously. 12,15-17
An altsrnative, and equivaleat, viewpoint is that the C-V
characteristic is simply the derivative of the Q-V curve, as
implied by eqn. (4). Viewed from this perspective, it may be
difficult to discern any advantage of the C-V technique over
the Q-V method. There are several distinct advantages. 1t is
our opinion, however, that these techniques are complementa-
ry, rather than rivais.

A typical C-V curve is shown in Fig. 9. C; and C, are
defined by the flat portions of the C-V curve above and below
the turn-on voltage, respectively. It is evideat from Fig. 9 that
turn-op is non-abrupt so that we define three turn-on voltages,
Veo1r Vg2, a0d Vi3, Which denote the onset, midpoint, and
saturation of the C-V transition. SPICE simulation confirms
that V,,, corresponds to the onset of conduction and V.3 to
the initiation of fieldclamping. V,,, closely corresponds to
V,, assessed from Q-V analysis. The rising portion of the C-V
curve beginning at approximately 190 V corresponds to the
relaxation charge of the Q-V curve where (dV,(t))/dt = O
(i.e., CD and HI in Fig. 5); thus, the dynamic C-V technigue
provides no information during the relaxation charge portion of
the waveform whereas the static C; evaluated from Q-V
technique includes relaxation charge contributions. Neither the
static por the dynamic C-V techniques (i.e., a static C-V curve
may be obtained by differentiating Fig. 8c) provide any
information regarding the leakage charge.

The slope of the C-V curve is inversely proportional to
the density of interface states in the preclamping regime. A
steep C-V slope implies a small preclamping interface state
density, whereas a non-abrupt C-V transition indicates a high
density. The preclamping interface state density, Qg, ex-
pressed in units of number of states per square centimeter is
related to the C-V slope as follows:

-
Q. - G C [ac]-
* A C, &Y
where A is the ACTFEL device area and the term in the
brackets is the slope of the C-V curve.
The existence of parasitic resistance in the ACTFEL can

be inferred from the C-V curve, particularly in conjunction
with SPICE modeling.!''® A SPICE simulated example of

(13)
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Figure 8. v, (), and Q-V  curves used

for steady-state charge-voltage assessment.

C-V curves exhibiting various ITO resistances (i.e., R,, = 0, 30, and 100 1) is indicated in Fig. 10. Three
distinct trends, labeled (1), (2), and (3), are the signatures by which a large R;, parasitic resistance can be

diagnosed from a C-V curve.

Perhaps the most useful aspect of a C-V curve is its immediate Vvisual impact and the concomitant infor-
mation it conveys. C, and C, can be evaluated at a glance, as can the relative magnitude of Q, and the existence

of a ftarge parasitic R,




-
»>

]
A— é 'c:
8 2.4 § -n: L:ﬁ
2 2
NS 2.0 1 w ‘j 2
1 C, % ?
1.8 ] Y ot ,.j !
2 ‘ - o
§ 1.2 1 CIRRN
§°-°q Ct .lvnquu‘r_; ;T—;fwvnﬁ;ri‘]
O 0.4 VOLTAGE (VOLTS)
& ) Figure 10. A SPICE-simulated C-V curve
6 0.0 S N . S illustrating the effect of varying the large
o 40 80 120 160 200 parasilic resistance, Rio- Riw = 0, 30,
VOLTAGE (VOLTS) and 100 {). Arrows indicate an increasing

Figure 9. A typical C-V curve. value of Ry,

5. EXAMPLES OF ACTFEL ELECTRICAL CHARACTERIZATION AND MODELING

A.  ACTFEL Aging Studies

A study of the aging characteristics of evaporated ZnS:Mn devices as monitored by Q-V and C-V analysis
has been recently reported. 15,17 Some of the primary experimental findings of this study are:

1. C, and C; are constant with respect to aging time.
2. The C-V curve shifts ngidly with aging time.

3. The C-V turn-on voliage increases while the polarization and conduction charges both
decrease as a fuaction of aging time.
4. The internal phosphor field at the onset of conduction increases stightly with aging time.

Observation ] implies that the electrostatic charge redistribution responsible for the aging occurs near the
phosphor/insulator interface. Observation 2 indicates that changes in the fixed charge density, not the interface
state density, give rise to aging. Observations 3 and 4 imply that some of the original interface state charge is
trapped in deep level, fixed charge states.

From these expenmental observations ao aging model was proposed as shown schematically in Fig. 11.
The dissipation epergy, E ;. of ot electrons after they impinge upon the insulator conduction band discontinu-
ity and thermalize to the phosphor conduction band minimum, initiates atomic rearrangement (indicated by the
double arrows) at the phosphor/insulator interface. Atomic rearrangement leads to the creation of deep level,
fixed charge states which trap electrons that would otherwise occupy interface states. Since electron emission
cannot occur from these deep level, fixed charge states, the conduction and polarization charges are reduced as
a function of aging time while tbe turn-on voltage and phosphor field increases.

This aging model could be deduced only after the electrostatics of the aging process were established from
Q-V and C-V analysis. Furthermore, electrical characterization is readily computer automated which is a great
advantage for aging studies which must be performed over very long durations.

B. Leakage Charge and SPICE Modeling

The phosphor resistance, R_, illustrated in Fig. 3 is the parameter of prime importance in establishing
the magnitude of the leakage charge, Q. 10 2 SPICE simulation. Two Q-V simulations are given in Fig. 12
using Rp =5 x 100 and 5 x 10% . Note that for the larger value of R.p the Q-V curve exhibits Q. of
virtually zero magnitude. The smaller value of Rp yields a simulated Q-V curve which exhibits trends more
consistent with experiment.

From a SPICE point of view, Q, ., corresponds to 2 situation in which charge stored on plates of G
discharges through Rp (the diode branch looks like an open circuit, refer to Fig. 4). Thus, Q) is modeled
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in SPICE as a simple RC exponential decay where RP 49 y/
and C, are the relevant resistance and capacitance, 0 = e
S . n

respectively. The 1% Cp time constant is much greater 1
than half of the waveform period for large while -100 1
they are almost equal for small .  Note that the ] :

present SPICE model predicts a simple exponential 200 !
decay for Q).,(t) whereas experimentally it is usually 72250 =150 =50 50 150 250
found to be nonexponential. V (volts)
Figure 13. SPICE-simulated Q-V curve for an
C. SPICE Simulation of an ACTFEL Device with  ACTFEL device with asymmetrical interfaces.
Asymmetric Interfaces :

Q (nonocoutombs)
!
o
o
N
S

A SPICE Q-V simulation for an ACTFEL device with asymmetric interfaces is modeled by inequivalent
Zener diode breakdown voltages of 50 and 100 V. This interface asymmetry yields Vfo = 49 V and
Vi, = -85 V. Also, Q¢ong = 230 nC compared to Q.4 = 180 nC and Q$¥, = 29.6 nC versus
Qfeax = 12.8 nC. Note that after steady-state is established in the ACTFEL, charge continuity requires that

- - _ -~ - 4
Qeond = Qeak = Reond = eak - (14)
where Q7 ., and Qjq are the internal leakage charges given by
Q + - Cl + CP e~
leak Ci jeak
and (15)
. Ci+C, ..
Qieak = lC, 2 Qeak -

1
Thus charge continuity condition may be established with the aid of Fig. 13.
6. CONCLUSIONS
Q-V and C-V techniques are powerful, complementary methods for characterizing the two-terminal

electrical properties of ACTFEL display devices. SPICE modeling can supplement these techniques so that the
internal device physics of ACTFELSs can be further clanfied.
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Transient decay of persistent photoconductivity (TDPPC) measurements were performed and
analyzed in terms of models in which the TDPPC is associated with thermally activated
electron capture into DX and a modification of the ionized impurity density, and hence the
mobility, concomitant with electron capture. Quantitative agreement between theory and
experiment was possible when Chadi and Chang’s model for DX [Phys. Rev. Lett. 61, 873
(1988); Phys. Rev. B 39, 10063 (1989) ] was employed in conjunction with a photo-induced

shallow donor.

I. INTRODUCTION

Al Ga, _  As has attracted much attention due to prop-
erties which make it useful for many types of heterojunction
device structures such as lasers, bipolar transistors, and
field-effect transistors. An extremely unusual deep level in
Al _Ga, _, As, denoted DX, is known'"'! to give rise to
many metastable properties, the best known being persistent
photoconductivity (PPC). Many studies have been under-
taken in order ro establish the basic physics of DX. These
studies have ye: to identify the atomic nature of the defect,
let alone the furdamental physics. There is even a controver-
sy as to wheth-r the DX center is a donor-like or acceptor-
like defect.

The deba.e over the donor- or acceptor-like nature of
DX is due to conflicting photo-Hall measurements reported
by various au.hors. Nelson' and Lang er a/.* observed a de-
crease in the '{all mobility when the DX center was pho-
toicnized at low temperacture, which they interpret to indi-
cate that DX is donor-like. On the other hand, Saxena,
Kunzel et al., .nd Chand et a/.>*>*® have reported the mobil-
ity to increase upon photoionization. They interpret this as
evidence that DX is acceptor-like.

Part of t: = reason for the above discrepancy has been
pointed out b Collins ef al.* and confirmed by Nicholas et
al” Collins et al. performed photo-Hall measurements on
two types of . .|GaAs epitaxial structures. It was found that
the increase o+ jecrease of the Hall mobility upon photoioni-
zation of DX was a strong function of the multilayered na-
ture of the AlGaAs sample. In particular, they asserted that
photoinduced charge separation at the Al_Ga, _ ,As/GaAs
interface leads to artifacts in photo-Hall measurements. Ni-
cholas et al. confirmed this photoinduced charge separation
and demonstrated that a two-dimensional electron gas
{2DEG) is fcrmed at the AlGaAs/GaAs interface. Chand
et al.>® were cognizant of the possibility of unintentionally
forming a 2DEG and employed compositional grading to
prevent its formation.

*' Permanent address: Institute Fisica e Quimica de Sao Carlos-USP-135¢)-
Sao Carlos-SP. Brazil.
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The purpose of this work is to propose an alternative
technique, transient decay of persistent photoconductivity
(TDPPC), for determining the donor- or acceptor-like na-
ture of DX. We will show that the TDPPC measurements
are qualitatively consistent with the negative-U, acceptor
nodel for DX proposed by Chadi and Chang.'®'' Quantita-
.ive agreement between the experimental TDPPC data and
this model could only be obtained, however, by postulating
the existence of an a-!ditional,photo-induced shallow donor:
such a donor has recently been deduced by Jia ef al.'*

{l. EXPERIMENTAL TECHNIQUE

The Al Ga,_,As samples used in this work were
grown by molecular beam epitaxy (MBE) on an undoped.
semi-insulating GaAs substrate. All of the results reported
in this paper refer to a 2-um thick Al, ; Ga, ; As n-type active
layer doped with silicon (Ng, = 1x 10'® ¢cm ~?). Care was
taken to avoid the formation of a 2DEG using the following
sample structure: a 0.2-um undoped GaAs buffer layer was
grown on the semi-insulating substrate followed by a 500 A
buffer layer of undoped Al, Ga, _, As that is compositionali-
ly graded from x = 0 to x = 0.3, a 2 um layer of undoped
Al,,Ga,, As, and the 2 u active layer.

Ohmic contacts were fabricated by evaporating
AuGeNi dots through a shadow mask in a vacuum evapora-
tor. The contacts were annealed at 400 °C in forming gas.

Measurements of the TDPPC were performed using an
automated system based on Hewlett-Packard equipment
consisting of a model 9336 deskiop computer in conjunction
with a 4280A 1 MHz capacitance meter. The temperature
was controlled using an Air Products closed-cycle helium
cryostat and a Scientific Instruments temperature con-
troiler. The light source consisted of a tungsten lamp, Jarrel-
Ash monochrometer, and appropriate filters and lenses.

The TDPPC measurement is performed as follows. The
sample is initially cooled in the dark to the desired measure-
ment temperature of 80-100 K. The sample is then illumi-
rated with sub-bandgap, monochromatic light until the pho-
toconductance reaches steady state. The light source 1s
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turned off at + = 0 and the conductance transient is moni-
tored with the capacitance meter.

The experimer... results are then fit to theoretical
curves based on models discussed below. The quality of the
fit 15 used to judge the viability of the DX model.

Anexample of a TDPPC curveis shown in Fig. 1. A plot
of the normalized inverse conductance versus time proved to
be a better means of companng the experimental results with
the theoretical fit. Thus, all TDPPC data is plotted in this
manner in the remainder of this paper.

lil. TOPPC THEORY

TDPPC in Al,Ga, _, As with x> 0.2 can be explained
in terms of the nonequilibrium capture kinetics of electrons
from the conduction band into the DX center and the con-
comitant change in the mobility due to ionized impurity
scattening. The theoretical TDPPC equation is given by

G(2) =gn(t)u(l), (hH

where G, n, and u denote the conductance, electron concen-
tration in the conduction band, and the mobility, respective-
ly.

The differential equation for the decay of photoionized
electrons when the illumination is turned off is given by

dn
— = — ¢, [Npx (empty)
= Ca [ Npx (empty) |

+ (€}, + €3) [ Npx (occupied) ], (2)
where Npy (empty) and Npy (occupied) refer to whether
the DX center is filled with an electron. Also, c,, €2, and ¢/,
are the electron capture rate, electron optical emission rate,
and electron thermal emission rate, respectively. Since the
TDPPC transient occurs at low temperature and in the dark,
¢, > €., 2. The electron capture rate is given by

C, =Uy0,n, (3

where v, is the thermal velocity and o, is the electron cap-
ture cross section which in the case of DX is thermaily acti-
vated

o, =0_exp[ — (E,, — Er)/ksT]. (4)
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FIG. 1. TDPPC plot at 85 K after 1.37 ¢V photon illumination
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4
o, is the high-temperature capture cross section, £, is the

capture barrier, E, is the Fermi level, and k4 is Boltzmann's
constant. £, is obtained from a solution of

n=NF (), (5
where

and where F', , is the Fermi-Dirac integral of order 1/2 and
N is the conduction band density of states as given by Casey
and Panish."” It should be noted that the Fermi-level correc-
tion to the capture cross section in Eq. (4) is of great impor-
tance;'* we previously concluded'* (erroneously) that DX is
donor-like because we neglected this correction.

At the temperatures used in this study (80-100 K) and
with the high concentration of impurities incorporated into
the sample (N5, = 1 X 10'"®*cm ~* ), the mobility is dominat-
ed by ionized impurity scattering. '® Since the capture of elec-
trons into the DX center represents a change in the charge
state of the dominant level, the mobility can change dramati-
cally during the TDPPC; this change is expected to be differ-
ent depending on whether DX is donor- or acceptor-like. We
employ the Brooks-Herring equation for the mobility due to
ionized impurity scattering, which is given by'’

12827 (k, T)*?

= 12pA7 * (7
¢m'?N, In(b/n)

where
967’ m, e(kyT)?
b= mz (2 37‘) ) (8)
g°h

where m, is the electron conductivity effective mass and ¢ is
the dielectric constant. Note that although we ignore scatter-
ing modes other than ionized impurity scattering, over the
temperature range of this study this assumption amounts
simply to the rescaling of the TDPPC curve whereas the
basic shape of the curve will not be affected.

The TDPPC theory presented to this point [i.e., Egs.
(1)-(8)] is completely general, independent of how DX is
modeled. To accomplish a TDPPC s.mulation, Egs. (1)-
(8) must be solved simuitaneously. This can be achieved
only after two parameters, Ny (empty) and V,, are speci-
fied in terms of 2. But N, (empty) and N, depend on the
nature of DX and a model for DX must be postulated to
make further progress in the TDPPC simulation.

A summary of the DX models considered herein is given
in Table I. Note that N, (empty) arises from charge bal-
ance in conjunction with the constraint that AlGaAs be n-
type: these conditions cannot be achieved simultaneously for
the simple acceptor model. All of the modeis employ n(0),
the electron concentration in the conduction band at t = 0,
as a freely adjustable parameter in the TDPPC simulation.
In addition, a net concentration of shallow acceptors or do-
nors (i.e., Ng, or Ng ) are used as adjustable parameters in
models 3, 4, and 6. A third adjustable parameter, corre-
sponding to the equilibrium concentration of ionized DX
centers {i.e., N 5 (eq) and NV 54 (eq) for DX assumed to be
donor- or acceptor-like, respectively], is used in models 3
and 4. Note that n(0) is freely adjustable for every tempera-
ture of interest whereas the other parameters are assumed to
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TABLEI A summary of the parameters used in the TDPPC simulation for each of the DX models considered. Notation: n, n(0) = electron concentration in
the conduction band at an arbitrary timeand at 1 = 0. Vs, , N5p, V5, = total concentration of net shallow acceptors, net shallow donors, and incorporated St

atoms. ¥ 3, (eq), N gx (eq) = concentration of ionized DX in equilibrium assuming DX is donor- or acceptor-like.

Adjustable Quality of the
Model Npx (empty) N, parameters TDPPC Fit
(1) Simple donor n n n(0) No fit
(2) Simple acceptor (impossible; can-
not achieve charge balance)
(3) Simple donor compensated by a net
concentration of shallow acceptors n—Ngx + Nsa n+ 2Ny, n(0)N,,, Npx (eq) No fit
(4) Simple acceptor which compensates
a net concentration of shallow donors n— Ngox — Nsp 2Ny — 1 n(0), Ny, Npx (eq) Poor fit
(5) Negative-U acceptor with intrinsic
self-compensation (Refs. 10-11) n/2 N, n(0) Good fit at short times
(6) Negative-U acceptor with intrinsic
self-compensation (Refs. 10-11) plus a
shailow donor (n—= Ny )/2 Ng, + Nyp n(0), Nyp Excellent fit

be temperature-independent over the temperature range of
interest.

IV. TOPPC SIMULATION OF EXPERIMENTAL DATA

For a quantitative simulation of the TDPPC data, Eqgs.
(1)-(8) must be solved simultaneously using the relations
for Npx (empty) and N, and the adjustable parameters giv-
en in Table 1. Additionally, values for o and E_,, must be
specified. From Ref. 18,0 = 5X 10~ cm®. E,, is experi-
mentally deduced from an Arrhenius plot of the slope of the
linear portion of the TDPPC curve as shown in Fig. 2 where
8 is given by

8=k, In{ (T (slope) ]. (9)

In Eq. (9), “slope” is the slope of the linear portion of the
TDPPC curve and T in the logarithmic term arises from the
temperature dependence of the thermal velocity and of the
Brooks—Herring equation [Eq. (7) ). From the slope of this
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FIG 2. Arrhenius plot of the slope of the inverse of the TDPPC which gives
E,. =0.24 eV Theta is related to the slope of the linear portion of the
TDPPC curve
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curve the capture barrier, E_,, = 0.24 eV, is found to be in
good agreement with other workers. '*

Returning to Table I, it is evident that simple donor or
icceptor models for DX with or without compensation do
:ot result in TDPPC simulations compatible with the ex-
perimental data, even when the model is formulated with
three adjustable parameters.

In contrast, the model of Chadi and Chang yields a
reasonable fit to the experimental data, at least over a range
of time, as shown in Fig. 3. According to this model,'®"
persistent photoconductivity (PPC) arises according to the
reaction

10,11

DX‘+d*;¢2d++2e' (10)
where d * denotes a normal, ionized shallow donor and
DX ~ represents the negatively charged DX state. TDPPC,
according to this model, would involve the reverse of the
reaction specified in Eq. (10). From Eq. (10) it is clear that
two electrons are emitted to the conduction band for every
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FIG. 3. A comparison of the simulation of Chadi and Chang’s mode! ( Refs.

10and 11) (continuous line) to the expenimental TDPPC data ( asterisks)
at a temperature of 85 K.
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DX - annihilated. Thus, one “empty” DX center exists for
every two electrons such that Nk (empty) = n/2, as indi-
cated in Table I. It is also evident from Eq. (10) that the
ionized impurity concentration is constant, independent of
n, and equal to the total number of incorporated Si atoms,
Ns,, as also indicated in Table I.

Although the fit shown in Fig. 3 based on Chadi and
Chang’s model is reasonable for short times, it is clear that it
diverges significantly at longer times. Our computer simula-
tion indicates that this divergence is due to more rapid elec-
tron recombination in the TDPPC simulation than that
found experimentally. In order to obtain better agreement
between the simulation and the experimental data, we postu-
late the presence of a shallow donor which remains ionized
during the duration of the experiment. As shown in Fig. 4,
such a postulate leads to excellent agreement between the
simulation and the experimental data. The parameters used
in the simulations shown in Fig. 4 are collected in Table II.
Note that Ny, is equal to 1.3 X 10'®/cm? for all temperatures
except for 100 K where the best fit occurs when
Nip = 1.8 10'®/cm’. Further TDPPC experiments over a
wider range of temperature are required to establish why
N, increases at 100 K, we suspect this may be associated
with the neglect of the e;, term in Eq. (2).

V. EXISTENCE OF A SHALLOW DONOR

In order to obtain quantitative agreement over the full
range of time between the TDPPC simulation and experi-
mental data, we found it necessary to postulate the presence
of a shallow donor. The purpose of this shallow trap is to
account for the fact that the electron concentration, n, exhib-
its a greater degree of persistence than accounted for in the
TDPPC simuiation. This is illustrated in Fig. S where the
simulated n(f) curve is compared for Chadi and Chang’s
model with and without a shallow donor. It is obvious from
Fig. 5 that the improvement in the TDPPC simulation
through the inclusion of a shallow donor arises from the
increased persistence of n(¢) at longer times. This increased
persistence of n(t) is also reflected in the increased mobility,
4(¢), as shown in Fig. 6.

It should be recognized that our postulated shallow do-
nor is photo-induced since this enhanced conductivity is
only observed after photoexcitation (1.e., when the sample is
cooled in the dark, the conductivity is unmeasurable). This
inference of a photo-induced shallow donor is consistent
with the photo-induced shallow electron trap deduced by Jia
et al.'> from transient capacitance measurements under
strong illumination.

Several of the conclusions reached by Jia er al. are at
odds, however, with our results. First, we deduce a photo-
induced shallow donor concentration at approximately 1%
of the doping level whereas Jia et al. concluded this concen-
tration to be about 50%. Second. Jia et al. interpret data
similar to Fig. 5 as anising from two simple exponentials
whereas our formulation attributes the general shape of n(¢)
to the nonlinear differential equation specified by Egs. (2)-
{4) and Table [. Third. Jia er al. assert that the long-time
portion of the response is due to DX capture while the short-
time response 1s associated with activated capture by the
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FIG. 4. A comparison of the simulation based on the model of Chadi and
Chang (Refs. 10 and 11) plus a shallow donor (continuous line) to the
experimental TDPPC data (asterisks) at temperatures of (1) 80K, (2) 85
K, (1) 90K, (4) 95K, and (5) 100 K.

TABLE II. Parameters for TDPPC simulations based on the model of
Chadi and Chang plus a shallow donor level

Temperature n(0) Nep

(K) («x10"em ) (<10"em ) Figure
80 3.60 1.3 4(a)
85 242 1.3 by

90 197 1.3 4(¢)

95 133 1.3 4(dy

100 1.29 18 de)

Dobson. Scalvi, and Wager 604




=4

o 1.0

o

=

C -

Q

8 0.8

S © 7

Q

L -

i

b

8 0.6 4 !

® ;

) - |

b ;

u ;

T 0.4 A ;

8 |

N (b) !

o - i
|

E (o) |

£ o2 r r —r r r |

0 200 400 600

time (seconds)

FIG. 5. Normalized transient decay aof the electron concentration from a
simulation based on Chadi and Chang's model (Refs. 10 and 11) without
(a) and with (b) a shallow donor at a temperature of 90 K.

shallow donor. In contrast, we conclude from our TDPPC
simulation that the short-time response is due to DX capture
whereas the persistence of the long-time response is en-
hanced due to the absence of trapping of the shallow donor.

VI. CONCLUSIONS

Transient decay of persistent photoconductivity
(TDPPC) measurements are analyzed in terms of a model
in which the free carrier concentration decays by thermally
activated capture of electrons into DX and a change in the
mobility associated with a modification of the ionized impu-
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FIG. 6. Normalized transient decay of the mobulity from a simuiation based
on Chadi and Chang’s model (Refs. 10and 11) without (a) and with (b) a
shallow donor at a temperature of 90 K.
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rity density concomitant with electron capiure. Six models
for DX are considered and simulations of the TDPPC data
are performed for each model. Although qualitative agree-
ment is obtained with Chadi and Chang’s rmodel,'®!! quanti-
tative agreement is only achieved by postulating the pres-
ence of a photo-induced shallow donor in aadition to the DX
model of Chadi and Chang. We believe that our results pro-
vide further support for the essential validity of the DX mod-
el of Chadi and Chang and that DX is acceptor-like, albeit a
negative-U acceptor with intrinsic self-compensation. The
existence of a photo-induced shallow donor has been pre-
viously reported by Jia et al.'? The physical nature of this
photo-induced shallow donor remains obscure at the present
time.
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LOW-TEMPERATURE HOLE CAPTURE CROSS SECTION

OF THE DX CENTER IN AlGaAs
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ABSTRACT

The minority carrier capture (MCC) technique is employed in order to es**mate the low-temperature
cross section of minority carrier holes into the DX center in Te- and Si-doped Al ;Ga, ;As. The measured
hole capture cross sections are approximately 2 x 10°'? cm? and 1.5 x 10"'7 cm? for Te- and Si-doped
Aly ,Ga, ,As, respectively, and are independent of temperature below approximately 70 K. The discrepancy
in the magnitudes of these cross sectlons is expiained in terms of multiphonon emission theory. The
magnitude and temperature-dependence of these capture cross sections indicates that the rate-limiting step

for hole capture invoives DX in a neutral charge state.
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1. INTRODUCTION

For over a decade the physical nature of the DX center in AlGaAs has been a subject of great interest
and controversy [1-7]). The DX center has attracted considerable attention because of its peculiar properties
such as persistent photoconductivity (PPC) and a large Franck-Condon shift.

The purpose of this paper is to describe an experimental study in which the low-temperature hole
capture cross section of the DX center is measured for Te- and Si-doped Al, ,Ga, ,As. The low-temperature
hole capture cross section is evaluated using the minority carrier capture (MCC) technique [8]. The
motivation for measuring the low-temperature capture cross section is to identify the charge state of the DX
center which should aid in assessing its physical identity.

The DX hole capture cross section has been measured at intermediate temperatures (205-225 K) by
Watanabe et al. [9] using deep-level transient spectroscopy (DLTS) with molecular beam epitaxy (MBE)
Aly 5Ga, ,As samples. In this range of temperature, the hole capture cross section was found to depend
exponentially with temperature, consistent with capture by multiphonon emission (MPE) and to have an
activation energy of 0.14 eV.

We have measured the low-temperature hole capture cross sections of the DX center for Te- and Si-
doped Al, ,Ga, ,As to be approximately 2x10°'® cm? and 1.5x10°'7 cm?, respectively. These capture cross
sections are also found to be temperature-independent for less than about 70 K. According to the MPE
theory of Ridley and Amato [10] and the experimental trends established by Henry and Lang [11] and by
Hamilton et al. [8], low-temperature capture cross sections with magnitudes such as we measure and which
are independent of temperature are consistent with capture by a neutral level. Thus, the primary conclusion
of this study is that hole capture into the DX center occurs with DX i a neutral charge state.

Recently, the negative-U model for the DX center as proposed by Chadi and Chang [12,13] has
gained wide acceptance as an explanation of DX behavior. Our conclusion that hole capture into the DX
center invoives DX in a neutral charge state can be reconciled with the model of Chadi and Chang if it is
assumed that the MCC process is a two-step process in which the rate-iimiting step is the capture of the

second hole into a neutral state.




2. EXPERIMENTAL DETAILS

In the MCC process, photogenerated minority holes diffuse into the space-charge region of a Schottky
barrier diode sample and are then captured by DX centers. Two types of starting material are used for the
MCC experiments: (1) a 3 um-thick, Te-doped, n-type (2.5x10'7 cm™), Al ,Gay ,As epitaxial layer is grown
at Boeing by metalorganic chemical vapor deposition (MOCVD) on an n*-GaAs substrate with a (100)
orientation; and (2) a 2 pm-thick, Sl-doped n-type (2x10'7 cm™) is grown at Oregon State University by MBE
using an n*-GaAs substrate with a (100) orientation.

Au Schottky barrier contacts are evaporated onto the sample surface and are defined by either a
shadow mask or by a lift-off process. Ohmic contactto the n* back side is accomplished using evaporated
Ni/Au-Ge/Au metal layers and annealing 5 minutes at 420°C in forming gas. Processed wafers with
Schottky barrier diodes are scribed into small pieces and mounted in a dual-in-line package.

The MCC experimental procedure essentially consists of measuring the capacitive rise times due to
photexcitation with above- and below-bandgap light and also measuring the short-circuit current. The
Schottky barrier sample is illuminated using a tungsten light source with a Jarrell-Ash monochrometer. The
capacitance transient is monitored with a Hewlett-Packard 4280A fast capacitance meter and the short-cirnuit
current is measured using a Hewlett-Packard 4140B picoammeter. Temperature control is achieved using
an Air Products DF202 helium closed-cycle cryostat and a Scientific Instruments 5500 temperature controller.
Equipment control and data acquisition is accomplished with a Hewlett-Packard 9326 desktop computer.

The experimental steps comprising the MCC experiment are as follows:

a) Cool the sample in the dark to a given temperature while applying a small forward bias

to the sample.

b) Measure the capacitance trans:<nt under sub-bandgap illumination using a known photon

flux.

c) Heat the sample to room temperature to reset it and then cool it to the same temperature

as in a).
d) Measure the capacitance transient subject to bandedge illumination using the same

photon flux as in b).




)] Measure the short-circuit current using bandedge light.

This procedure is then repeated for different temperatures.

3. MINORITY CARRIER CAPTURE: THEORY

The MCC expression for the hole capture cross section, o, as derived by Hamilton et al. [8] is not

P
relevant to the problem of minority hole capture by DX. Thus, a derivation of 9, is provided using the same
basic approach as employed by Hamilton et al.

The basic principle of the MCC technique is illustrated in Fig. 1. When a zero- or reverse-biased
Schottky barrier is uniformly illuminated with bandedge light, a short-circuit photocurrent, composed of
recombination and diffusion currents, is produced. Recombination currentis generated when incident, band-
edge photons create electron-hole pairs in the space-charge region which are subsequently separated by
the internal space-charge field. Electron-hole pairs created within a diffusion length of the space-charge
region edge can also contribute to the photocurrent if the photo-induced minority carriers diffuse into the
space-charge region and then drift across the space-charge region to contribute to a diffusion current. In
n-type semiconductors only holes (i.e., minority carriers) diffuse into the space-charge region whereas
electrons are repelled by the potential barrier. Accordingly, the short circuit photocurrent is dominated by
the diffusion current component as long as the minority carrier diffusion length is much larger than the width
of the space-charge region, Lp >W.

As shown in Fig. 1, the charge state of the deep levels, which are initially accupied by electrons in
the space-charge region, is changed by the capture of injected holes. The hole-capture is monitored by
measuring the capacitance transient with a high-frequency capacitance meter since positive charge builds
up in the space-charge region. Thus, the depletion region shrinks and the capacitance increases.

Excitation of the Schottky diode with weakly absorbing bandedge light can result in several excitation
processes. These interactions are shown in Fig. 2, with corresponding transition rate parameters listed in
Table 1. In Fig. 2, thermal and optical processes are indicated by straight and waved lines, respectively.

The processes are described as follows:




Process 1: Optical absorption within a diffusion length of the space charge region creating an
excess hole population inside the space charge region.
Process 2: Optical absorption in the space charge region creating electron-hole pairs
separated by the field.
Process 3: Holes created by process 1 are captured by the electron-filled state (i.e., the most
desirable outcome in MCC experimentation).
Process 4: Electrons created by process 2 are captured by empty (hole-filled) states.
Process 5: Direct electron photoionization.
Process 6: Direct hole photoionization.
Process 7: Thermal ionization of electrons.
Process 8: Thermal ionization of holes.
Note that processes 4, 6, and 8 tend to cause negative charge build-up in the depletion layer. Accordingly,
the depletion width expands and the capacitance decreases. Conversely, processes 3, 5, and 7 tend to
cause paositive charge build-up in the depletion 'ayer. Thus, the depletion width shrinks and the capacitance
increases. In Table 1, standard notation is used, where ¢ and a denote, respectively, the photon flux and
the absorption coefficient, ¢, and C, are, respectively, the electron and hole capture rates, e, and e, denote
the corresponding emission rates, and the superscripts t and o denote thermal and optical processes,
respectively. The incremental values An and Ap denote excess carrier densities produced by the
photocurrent.
If the total corcentration of the deep level is Ny, then Ny = ny + p;, where ny and py are,

respectively, the instantaneous concentration of trapped electrons and holes. If the illumination activates
Qi:r
all the processes listed in Table 1, then the rate of change of the trapped electron density, 'T;T , will be

dn . . . . } .
-atl = (processes involving an increase in the trapped e’ concentration) - (processes

involving a decrease in the trapped e’ concentration),

dn
_Etl = (processes 8, 6, and 4) - (processes 7, 5, and 3)




and

% = (e, + @, + c,An)-pr - (en + 5 + C,AP) Ny (1)
At temperatures below 80 K, the thermal ionization processes are negligible and e, = e} = 0. Note
that in contrast to silicon and other binary compound semiconductors, process 6, hole photoionization, does
not occur for AlGaAs even after DX is ionized because of large lattice relaxation. That is, the PPC effect
cannot be optically quenched, as observed by Nelson [1]. Accordingly, process 6 can be ignored and
eg = 0. If the hole diffusion length, Ly, is much larger than the space-charge width, W, then the diffusion
component of the photocurrent dominates and Ap > An. It is generally accepted that the electron capture
cross section (a,) of DX centers at low temperature is extremely small (hence, PPC occurs). Thus, the hole

capture rate (process 3) dominates over the electron capture rate (process 4) and CpAp > c AN

Given the above conditions, rate equation (1) can be rewritten as

dn,

o
e (e + cyap) Ny @
which can be solved to obtain
l - t
n nT =T - oem— ¢ C (3)
Ty
where
1
T, =

e, + C,Ap

The boundary cu:dition of relevance is ny = Ny att = 0; that is, the DX centers are filled with electrons.
This condition can be achieved by application of a forward bias to the sample as it is cooled. Thus,

¢ = In Ny, and taking the exponential of each side of (3) gives




nT = NT e-u“ (4)
also, ny = Ny - py so that
prt) = Ny (1 - &™) (8)

The charge exchange kinetics are reflected directly in the high frequency capacitance per unit area

of the barrier:
cq) (2 VasV) Blp"®)™ = Bq"™[Npy + 1] (6)
and

12
- € + = o+
B - (——2 (VN:V)] and p°(t) = Q[N + Pr(t)] »

where p* is the net positive space charge density in the space charge region, VpizV is the total potential

+

drop across the barrier, and N ,,

is the net positive charge concentration in equilibrium. When t = 0, that

is, before tuming on the light, C(t) is
C(0) = B q"2(Ny)"* v
since ny = Ny att = 0, and p; = 0. Next, (6) and (7) may be manipulated [14] to yield

cM - C¥0) _ AC3Y) - 2C(O)C(Y) - 2C%(0) _ Pt
C%(0) C2(0) Nirrc

®)

which leads to two limiting cases. First, if the capacitance change is much less than the initial capacitance,

i.e., AC(t) « C(0), then the expression can be simplified as

cxy) - C%0) _ 2.aCH) _ Pl o

- C%(0) C(0) Noat




Therefore, the capacitance change as a function of time is expressed as

ACQ) - % coy 2 (10)

*

net
Second, if the capacitance change is greater than the initial capacitance, AC(t) > C(0), then the expression

is

C3) - C%0) _ AC3H) -2 aC()Cc() _ Prlt
C%0) C3(0) Npt

(1)

and the capacitance change as a function of time is expressed as

N

*

AC2(t) + 2 AC()C(0) = C¥(0) (12)

net

For the current investigation, the capacitance change is larger than the initial capacitance. Thus, from

(5) and (12),

AC2(t) + 2 AC(HC(0) = N c0) (1 - e™¥™) (13)
"

net

where t,, = (ep + c‘,Ap)'1 = capacitance rise-time measured under bandedge illumination (i.e., illumination
at a photon energy slightly above bandgap where the absorption depth is large, ensuring that carrier

generation occurs in the semiconductor bulk). The hole capture rate, Cp Can be expressed as,

c, = vyh*)-a (14)

so that using the definition of t,, and (14) and solving for the hole capture cross section gives,
-1

Tr
0, (T) = ——,
o7 vy(h ) Ap

-1
= Tr2 (15)

where z;; is defined as e:. T, is the measured capacitance rise-time under sub-bandgap illumination. In
(15), t,, and <, are experimentally measurable values, while vy, (h*) is the hole thermal velocity expressed

by




T
vy(h”) = 3 ks ) (16)

mp

where kg = Boltzmann’s constant and m_ = the effective mass of the hole.
it is then necessary to determine the injected hole concantration, Ap. If the hole diffusion length, L
is much larger than the depletion width, then the short-circuit current, J.., is considered to be composed

of just diffusion current. Therefore,

Je =9 D, %E where p = Ap e ™, (17)

xx-O

and where x = 0 denotes the edge of the space charge region. Also,

g

Substituting (18) into (17), expressing Lp in terms of Dp and the hole lifetime, ™ and solving for Ap gives

£
dx

- Ap (18)
L

Xx=0

Ap = __."!1__ (19)
q (D /7,)""
Finally, the hole capture cross section is obtained by combining (15) and (19), and is expressed as
o(T) = q (tn - r2) Op/7)'"” (20)
v *) dse
where
2 = capacitance rise time under bandedge illumination,
T = capacitance rise time under sub-bandgap illumination,
A = minority carrier lifetime,
vn(h*) = thermal velocity of holes,
Dp = hole diffusivity, and
Joe = short-circuit current density.




Equation (20) is the expression used 10 evaluate the low temperature hole capture cross section in the MCC

experiment.

4. MINORITY CARRIER CAPTURE: RESULTS AND DISCUSSION

A. Evaluation of the Low-Temperature Capture Cross Section

To evaluate the low-temperature hole capture cross section using (20), the parameters t,,, t,, T
vy (h®), D,. and Jy. must be determined. <y, T, and Jg are obtained from experiment, while the
remaining parameters are obtained as follows. The hole thermal velocity is given by (16) using
m; (x = 0.3) = 0.666 m, and the relevant temperature as summarized in Tables 2 and 3. The hole diffusivity

is estimated using the Einstein relation,

D, = by kg T/, (21)
and the hole mobility is assumed to be dominated by ionized impurity scattering so that u, is estimated

using the Brooks-Herring equation [15],

-1

84/r €2 2k T)*?
. 84V € (2gT) . 2)

N,q’frn_;

where g, h, and q are the dielectric constant, Planck’s constant, and the electronic charge, respectively, and

Hp

n {961:2 my kg T2 e}
g2 h2 N,

N; is the total concentration of ionized impurities. Finally, t, = 10 nsec as reported by Ahrenkiel et al. [16].

The capacitance rise times, t,, and t,,, measured under bandedge and sub-bandgap illumination
are obtained from capacitance transient measurements as shown in Fig. 3 for a Te-doped sample. The rise
time is estimated from values of 10% to 90% of the capacitance transient.

All of the relevant parameters of (20), as well as the calculated capture cross sections for a variety
of temperatures, are summarized in Tables 2 and 3 for Te- and Si-doped samples, respectively. As may be
seen from these tables, the hole capture cross sections evaluated for the Te- and Si-doped samples are
approximately 2.0x10°'® cm? and 1.5x10°""7 ¢cm?, respectively, and are independent of temperature below
~ 70 K. Thus, while it can be concluded that both Te and Si DX centers have a small cross section for

minority carrier hole capture, there is a discrepancy in the magnitudes of these capture cross sections.




B. MPE Theory Explanation of the Discrepancy of Measured Capture Cross
Sections

This discrepancy in the magnitudes of the low-temperature capture cross sections for Te- and Si-
doped samples can be explained in terms of nonradiative recombination by multiphonon emission (MPE)

|
|
[17]. In general, the MPE capture cross section, o, is expressed by [17] \
|

o = Af(Q) , (23)

where
A = a term involving only the electronic matrix elements of the transition, and
f(hv) = the optical lineshape for phonon-assisted absorption or emission transitions.

For MPE capture, the temperature-dependence of f(0) is given by [17]

o -Em/aT”
yan EgkgT*

where Ep = relaxation energy, E\.:ap = capture barrier, and T = effective temperature. The effective

f(0) = (24)

temperature, T', is defined as [17]

keT* = D2 coth | D@ _| (25)
4n 4n kgl

kgT* = ho , (26)
4n
since
coth |—"2 | =1 with —N2_ 51, (27)
4n kgT 4n kgT

10




Therefore, the MPE low-temperature capture cross section can be expressed as

-4uE=,/hu
ar = _Ai.__-_ , (28)

VEr he

where hw is an average phonon energy and the parameter, A, is an adjustable parameter which can vary

14 cm2-eV which will be

up to one order of magnitude from the value of Henry and Lang [11] of 1.5x10
assumed in the subsequent analysis. To evaluate the theoretical low temperature capture cross section, the
parameters E,,, hw, and Eg must be known; these values are not known, however, for nonradiative hole
capture by MPE.

As can be seen from an analysis of (28), o,y depends only weakly on Ep. Additionally. the average
phonon energy, hw, should not depend strongly on the dopant. ~Thus, according to MPE theory, differences
in o,y are most likely associated with smali differences in Ecap- As an illustrative example, it we employ
Eg = 0.75 eV, as used by Lang [17] in his MPE analysis of the DX center in Te-doped AlGaAs,
hw/2x = 40 meV, an average optical phonon energy for Al, ;Ga;,As [18], and E.,, = 0.14 eV, as
measured by Watanabe et al. [9] for Si-daped Al ,Ga, ,As, we abtain a7 = 3x107'7 cm?, cansistent with
what we measure for Si-doped Al ,Ga, ;As. If all of the parameters are held constant except for the capture

2. consistent with our measured

barrier which is changed to E,, = 0.25 eV, we obtain g y = 110" cm
value for Te-doped Al, ;Gag ;As. Thus, a two order of magnitude change in o, 1 can be accounted for by
110 meV change in E,,. Therefore, we conclude that the differing experimental values of the low-
temperature capture cross sections for Te- and Si-doped samples are consistent with MPE theory. In
particular, these differences are likely due to small differences in the capture barrier, Ecap, with Te-derived

DX exhibiting a larger barrier to hole capture.

C. The Charge State of the DX Center

Low-temperature hole capture cross sections measured by the MCC technique for Te- and Si-doped
samples are shown in Fig. 4 and are compared to intermediate-temperature hole capture cross sections
measured by DLTS [9]. It should be noted that the data of Watanabe et al. shown in Fig. 4 imply a smaller

low-temperature hole capture cross section for Si-doped Al, ,Ga, ,As than what we deduce from our MCC

1




experiment. In contrast, Brunthaler et al. (19] estimate o7 (30K) 2 2x107'® cm? for Si-doped Al 1,Gag ggAS
from time-resolved photoluminescence studies. We attribute this lack of agreement in the estimation of o, ¢
between various researchers to differences in samples and in the experimental techniques employed. We
also note that the temperature-independence of ¢ is more important for the assessment of the nature of
DX center than these relatively minor differences in the estimated magnitude of o\ ;.

For comparative purposes, trends in the capture rate as a function of temperature according to the
MPE theory as proposed by Ridley and Amato [10] are shown in Fig. 5. According to this theory, at low
temperature the capture cross section is determined solely by the charge of the deep level if capture occurs
by MPE. The capture cross section increases as temperature decreases for Coulombically attractive
capture. In contrast, neutral capture is temperature-independent whereas repuisive capture yields a
decreasing cross section with decreasing temperature. In order to facilitate a comparison of our
experimental data to trends predicted by Ridley and Amato, we include the hole capture rate, cp [ie

Cc. = um(h*)ap], in Tables 2 and 3. Note from Tables 2 and 3 that, to within experimental accuracy, the

B
hole capture rate is temperature-independent from 30-70K for both Te- and Si-doped Al ;Ga, ,As; this is
consistent with neutral capture, according to the MPE theory of Ridley and Amato.

Additionally, Henry and Lang {11] and Hamilton et al. [8] show experimentally for 15 defects in GaAs
and GaP that the low temperature capture cross section for Coulombically attractive centers is large
(~ 107'3- 10" cm?) and increases with decreasing temperature while it is small (~ 10°'® - 102! cm?) for
neutral capture and is temperature-independent at low temperature as shown in Table 4.

In summary, MCC experiments indicate the low temperature minority capture cross section to be
approximately 2.0x10°'® and 1.5x10"'7 em? for Te- and Si-doped samples, respectively, and to be
temperature-independent. The MPE theory of Ridley and Amato [10] and the experimental trends of Henry
and Lang [11] and of Hamilton et al. [8] indicate that because the MCC capture cross sections are of the
magnitude measured and temperature-independent, DX capture must involve a neutral charge state.

This conclusion, that DX hole capture involves a neutral charge state, appears to be in conflict with

the DX model of Chadi and Chang [12,13). According to the model of Chadi and Chang, the MCC process

can be described by:
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2h* + DX =d". (29)

This is the reverse of the DX formation process which is described by:

d*+2e"- =DX". (30)
Thus the MCC process would appear to involve Coulombically attractive capture in terms of the model of
Chadi and Chang. However, the MCC experimental resuits can be reconciled with the model of Chadi and

Chang if it is postulated that the MCC process can be described by a two-step process:

DX°
d* (rate-limiting)

step1: h° + DX~
step2: h* + DX°

(31)

where DX° denotes an intermediate, unstable state of the DX center which exists for only a brief duration
during the transition from DX to d*. Step 2 is assumed to be the siower or rate-imiting process which
dominates the overall MCC process. Thus, the results of the current investigation are compatible with the
model of Chadi and Chang [12,13] for DX if the rate-limiting step for hole capture is identified as due to

capture into the neutral DX° state.

5. CONCLUSIONS

An experimental study is presented in which the low-temperature capture cross sections for Te- and
Si-doped Al ;Ga, ,As are estimated by the MCC technique to be approximately 2x10™'® cm? and 1.5x10""7,
respectively, and to-be independent of temperature beiow about 70 K. In light of the MPE theory of Ridley
and Amato [10] and the experimental trends established by Henry and Lang [11] and Hamilton et al. [8],
we conclude from the magnitude and temperature-dependence of the measured low-temperature capture
cross section that hole capture involves the DX center in a neutral charge state. This conclusion is
compatible with the DX model of Chadi and Chang [12,13] if it can be assumed that hole capture occurs
by a two-step sequential process in which the second step involves the neutral DX° state and that this is

the rate-limiting step of the hole capture process.
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Table 1. Notation for transition probabilities corresponding to the optical interactions
shown in Fig 2; after Hamilton et al. {1979)

—
Transition Process " Transition Probability
per unit Time
Optical absorption 1&2 Proportional to ¢«
Hole capture 3
Cp, = g, Vip(h")Ap
Electron capture 4
Cﬂ = Op Vm(e')An
Electron photoionization 5
=} 0
e, = o,
Hole photoionization 6 o
& = dop
Electron thermal ionization 7
' t -(Ec - Ey)
en = 9n Vin N exp [—:—B—T—
Hole thermal ionization 8
t -Er - E)
ey = 0p Vin N, exp [—ka T




Table 2. MCC experimental results for Te-doped Al ;Ga, ;As

17

Temperature
50 K 60 K 70 K
t,, (sec) 95.7 99 105.6 108.9
t,, (sec) 124.3 125.4 128.7 132
| Jgo (A/cm?) 1.3x10° 1.3x10% 1.3x10% 1.3x10°
uy(h*) (cm/sec) 4.5x10° 5.8x10° 6.4x108 6.9x10°
D, (V3/cm-sec) 0.102 0.34 0.52 0.75
B, (V/cm-sec) 39.5 78.51 100.5 123.9
a,(T) (cm?) 2.10x10°'° 2.63x10°1° 2.36x10°1° 2.48x107'°
cp(M (cm3/sec) 9.5x10™"3 1.5x107'2 1.5x10°12 1.7x10°12
Table 3. MCC experimental results for Si-doped Al ;Ga, ,As
——
Parameters Temperature
40 K 50 K 60 K 70 K 80 K
t,, (sec) 20.0 22.7 23.6 20.8 19.0
T, (S€c) > 150 > 150 > 150 > 150 > 150
[ Je (A/cm?) 0.35 0.27 0.37 0.45 0.33
vy (h*) (cm/sec) 5.2x10% 5.8x10° 6.4x10° 6.9x10° 7.4x10°
| D, (V3/cm-sec) 0.1526 0.2596 0.4012 0.5797 0.7976
B, (V/cm-sec) 442 60.2 775 96.0 115.6
a,(M (cm?) 1.3x10°"7 1.66x10°"7 1.3x10°"7 1.4x10°"7 2.4x10°"7
c,(T) (cm3/sec) 6.8x10°"" 9.6x10™"! 8.3x10™"" 9.7x10™"" 1.8x10™0
Rt —————— e e
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

FIGURE CAPTIONS

Basic principle of minority carrier capture; after Hamilton et al. (1979).
Optical interactions resulting from near bandgap illumination; after Hamilton et al. (1979).

Capacitance rise time measured at 50 K for a Te-doped sample: (a) under near-bandgap
lumination, hv = 1.97 eV, and (b) sub-bandgap illumination, hv = 1.38 aV. The energy

bandgap of the n-Al, ;Ga, ,As at 50 K is 1.94 eV.

Low-temperature hole capture cross sections obtained from MCC experiments for Te- and Si-
doped samples. The data designated by +’s is from Watanabe et al. (1986), in which DLTS

was employed to measure the intermediate-temperature hole capture cross section.

Capture rate as a function of the charge state of the deep level over a wide temperature range;

after Ridley and Amato (1981).
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Entropy of migration for atomic hopping
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The entropy of migration of an atom undergoing an atomic hop into a nearest-neighbor vacancy
is calculated under the assumption that the entropy is translational at the saddle-point configuration
and vibrational at the initial, equilibrium state prior to the hop. These contributions to the entropy
of migration are calculated using standard statistical thermodynamic expressions, assuming that the
translational entropy is given by the particle-in-a-box approximation and the vibrational entropy is
that of a simple harmonic oscillator vibrating at the Debye frequency. This formulation of the en-
tropy of migration is then quantitatively applied to explain the abnormal prefactors experimentally
deduced in InP drain-current-drift measurements, in deep-level-defect—transformation kinetic
studies of the metastable M center in InP, and in Si and Ge seif-diffusion experiments.

L. INTRODUCTION

The kinetics of solid-state processes such as diffusion
and defect-transformation reactions are often found to
exhibit the Arrhenius form,

k=Aexp(—E,/kyT), (n

where k is the rate constant, A is the prefactor, E, is the
activation energy, and kz is Boltzmann’s constant.
Adopting the thermodynamic formulation of rates,’ it is
possible to make the following identifications:

A = Agexp(AS, /kg) , )
E,=AH, , 3)

where A4, can loosely be interpreted as an attempt fre-
quency and AS, and AH, are, respectively, the entropy
and enthalpy of activation. These activation quantities
represent the difference of the reactant at its saddle-point
configuration with respect to its initial configuration.

The prefactor A has often been observed experimental-
ly to be abnormally large, or aiternatively, abnormally
small, in a variety of solid-state processes such as self-
diffusion’~" and deep-level-defect transformations.®™ !4
The unusual magnitude of the prefactor is attributed to
the correspondingly abnormal magnitude of the entropy
of activation. The physical reason for the unusual magni-
tudes of these empirically determined activation entro-
pies (i.e., AS, /ky > 5 or AS, /kg < —5) is generally con-
troversial or unexplained in the prior literature and the
subject of this work.

Three contributions to the entropy of activation have
been discussed in the literature: (1) A vibrational contri-
bution due to a modification of the vibrational frequen-
cies of the lattice when the reactant achieves its saddle-
point configuration, 15.16 (2) a configurational entropy due
to the different muitiplicity of bonding configurations
{e.g., Jahn-Teller distortion) at the saddle point compared
to the initial state,'” and (3) the entropy of ionization due

40

to the softening of the lattice when an electron or hole is
emitted from a defect state compared to when it is local-
ized at that state. '%12

Note that ionization must occur concomitant with the
process of interest for mechanism 3 to appear in the cor-
responding activation barrier. In the prior literature, the
first two mechanisms are generaily regarded as producing
a AS,/kg <5 and the third mechanism is usually either
neglected or argued not to contribute on the ground that
ionization is not correlated with the process. It has often
been said a value of AS, /kp > 5 for a simple point-defect
migration process is “unphysical;” see, for example, Refs.
4 and §.

The purpose of the work discussed herein is to propose
a physical mechanism associated with atomic migration
which is capable to explaining the very large magnitudes
of the activation entropies AS, /kp >>5. The proposal is
motivated by our own observation of AS,/kz~ 15 for
certain defect-transformation processes in InP.

Our exylanation is based upon the ballistic-model
(BM)!61%20 hynothesis that atomic migration into a va-
cancy on a nearest-neighbor site may be calculated by as-
suming that the migration energy is kinetic in origin.
Within the context of this model, the migrating atom
must attain a sufficient kinetic energy to successfully
transverse the saddle-point configuration. In the spirit of
the BM, we propose that the activation entropy of a pro-
cess involving atomic migration (e.g., diffusion, metasta-
ble defect transformations) will be determined (at least to
a large extent) by the difference of the translational entro-
py of the hopping atom in its saddle-point configuration
and the vibrational entropy of the hopping atom in its
equilibrium position prior to the hop. These two contri-
butions to the activation entropy are calculated using
standard statistical thermodynamic expressions.

Using this formulation for the entropy of activation of
atomic migration, we provide quantitative justifications
for experimentally obtained prefactors for the %ctivation
entropy for phosphorus-vacancy nearest-neighbor hop-
ping contributiohs to drain-current drift in InP metal-
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insulator-semiconductor (MIS) capacitors and field-effect
transistors, '*!* for the prefactors found in defect-
transformation experiments involving the M center®~'2 in

InP, and for the self-diffusion®~7 of Si and Ge.

II. ENTROPY OF MIGRATION FOR NEAREST-
NEIGHBOR HOPPING

The physical picture adopted in the BM is as follows.
At temperatures above the Debye temperature 8j, the
thermal vibrations of the atoms surrounding a vacancy
fluctuate with a characteristic frequency given approxi-
mately by the Debye frequency v, =kg0, /h, where h is
Planck’s constant. Periodically these thermal fluctua-
tions conspire to provide a path for an atom to hop into
the vacancy at a cost of very little potential energy. The
venue for this path is limited by the thermal motion of
the surrounding atom to a period of order the zone-
boundary phonon period of the host lattice, which is pro-
portional to the Debye period v;!. For an atom to suc-
cessfully migrate it must make the hop in a time less than
the lifetime of the favorable venue. This requires a
minimum velocity of the hopping atom to be

v=v,d , 4)

where d is the distance between lattice sites. This veloci-
ty corresponds to a kinetic energy

Ekin = -;-mvz N (5)
where m is the mass of the hopping atom. Thus, since
the potential energy that the atom must overcome is as-
sumed to be quite small during this favorable venue, the
enthalpy of migration is given by

AH,, =imvi=1im(Fdv))* 6)

where F is a geometric constant e(;ual to 0.9 in the case of
a diamond or zinc-blende lattice. !

In order to caiculate the entropy of migration, we ex-
tend the BM treatment. At temperatures above the
Debye temperature an atom on a normal lattice site can
be modeled as a simple harmonic oscillator vibrating at
the Debye frequency. The entropy associated with this
vibrating atom can be calculated from statistical thermo-
dynamics and is given by?!

S, _ hvy/kgT
kg explhvy /kgT)—1

—hvp
kg T

—In|1~exp

|

where the factor 3 is due to the three degrees of freedom
of the oscillating atom.

According to the BM, during the limited venue that
the atomic migration actually occurs, i.e., when an atom
moves through the saddle-point configuration, the hop-
ping atom is essentially a free particle moving ballistical-
ly. Thus, for this brief period of time the vibrational
modes are replaced by a translational mode. We can cal-
culate the translational entropy using the particle-in-a-
box approximation, *!

2963

a

S, . | (Q2memky TP
E"' o (8)

where ¢ =2.718 and V is the volume of the box which we
take to be the volume occupied by two nearest-neighbor
atoms. In the present work we estimate the volume of
the box as the atomic volume of two atoms as defined by
the Van Vechten—Phillips tetrahedral radii.?> There are
other equally reasonable ways of approximating the box
volume, such as a narrow channel geometry in which the
hopping atom is restricted in directions perpendicular to
the migration path. We note that either method of calcu-
lation yields approximately the same estimate of the box
volume. Furthermore, it is clear from Eq. (8) that the en-
tropy depends weakly (i.e., logarithmically) on the box
volume.

The entropy of migration of an atom hopping into a
vacancy is thus given by,

AS, =S,-S, . (9)

Therefore, our formulation for the entropy of atomic mi-
gration is given by Egs. (7)-(9). We will now employ
these equations to explain the abnormal activation entro-
pies found experimentally in defect-transformation reac-
tions and self-diffusion.

We note that our formalism is implicitly based on a
constant volume ensemble, whereas the experimental
data we wish to consider are obtained under constant
pressure. Thus, it is necessary to distinguish between
constant volume and constant pressure entropies.”® We
do not correct for this difference since these corrections
are rather small, less than kg, for the semiconductors of
interest in this work.

We also note that our formulation for the migrational
entropy differs from that normally employed, '*%*

AS,,
X S In

i

W;
— |, (10
W;

where @; and o] are the normal-mode frequencies on the
initial and saddle-point configurations, respectively.
Equation (10) is valid only in the context of the harmonic
or quasiharmonic approximation and is deduced assum-
ing that the migrational barrier is best calculated assum-
ing it is potential energy in origin. Thus, the essential
difference between our approach and the conventional
approach is whether the migrational barrier is more
readily calculated as a potential or kinetic energy barrier.
It is difficuit to believe that modifications of the vibra-
tional frequencies of atoms surrounding a vacancy during
atomic hopping could be of a sufficient magnitude to ac-
count for migrational entropies as large as 15kz.

IIl. ENTROPY OF MIGRATION EXAMPLES

A. Phosphorus-vacancy nearest-neighbor hopping

Phosphorus-vacancy nearest-neighbor hopping
(PVNNH) has been linked'*'* to drain current drift

. (DCD) in InP metal-insulator-semiconductor field-effect

transistors (MISFET’s). Consider an InP MISFET or




)
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MIS capacitor which has P vacancies in the channel re-
gion under its gate. Nearest-neighbor hopping of an In
atom into the P vacancy can be described by the follow-
ing defect reaction:

In,+Vy +de =V Ing?. (1Y

Application of the law of mass action to this defect reac-
tion results in

(ViaIng?)
[ V; ][Inln]

The application of a positive gate bias to an InP Mi3
capacitor or MISFET induces an accumulation of elec-
trons in the channel and hence an increase in {e ~ ] which
shifts the equilibrium to the right-hand side of the defect
reaction. Four of the accumulated channel electrons are
captured for every P vacancy annihilated. DCD in
MISFET’s or flatband voltage shift in MIS capacitors is
attributed to the loss of these electrons from the channel.

From the BM an activation enthalpy of AH, (V)
=1.2 eV was predicted'’ which was found to be in good
agreement with experimental values'* deduced from
variable-temperature bias-stress measurements of InP
MIS capacitors. Additionally, a computer simulation of
the effect of the PYNNH mechanism on flatband voltage
shift versus bias stress measurements was performed.'*
In the kinetic analysis it was found that the rate-limiting
step in the total reaction given by Eq. (11) was

V3+e ™ =(Vi,Inp)~ (13)

ale™]*. (12)

and an entropy of activation AS, was used as an adjust-
able parameter (the only adjustable parameter) in the
computer simulation to fit the experimental data. A
value ASS™'/kp=15.3 was deduced from the computer
simulation'* compared to that originally estimated'® by
Van Vechten and Wager from

AS, /kg=In(8D,/a’v;) , (14)

where D, is the prefactor of the diffusion constant for in
self-diffusion in InP. Using an experimental value of
Dy=1X10° cm/s as reported® by Goldstein gives
AS, kg =17.5.

To calculate the entropy of activation we recognize
that the rate-limiting reaction given by Eq. (13) involves
both In hopping and ionization so that the activation en-
tropy is given by

AS, =AS,, +AS, (15)

where AS; is the entropy of ionization. We calculate AS;
using's-18.3

al . +28)

, (16)
(T +B)?

AS(T)=AScy(T)=

where AS., is the entropy of the band gap (i.e., the en-
tropy of formation of free-electron-hole pairs) and for InP
(Ref. 24) a=6.63%107* eV/K and B=162 K. AS,, is
calculated using Eqgs. (7)-(9) which results in an activa-
tion entropy AS™°"/k,=8.2+6.8=15.0 (the parame-
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ters used in this calculation are summarized in Table I).
In the calculation 325 K was used because it is the aver-
age temperature at which the activation energy was ex-
tracted in the computer simulation. We regard the close
agreement between experiment (15.3) and theory (15.0) as
strong support fz: the importance of the translational
and ionization entropies in determining the total activa-
tion entropy.

B. The metastable M center

The metastable M center®™'2 is an electron-

irradiation-induced defect complex in InP which exhibits
two distinct configurations denoted 4 and B. There is a
reversible transformc 'ion between the configurations
which exhibits the following kinetics®® as deduced from
Arrhenius plots:

A — B stage |:

k =10"exp[ —(0.40 eV)/kzT], T=110 K 17
A — B stage 2:

k =10"exp[ —(0.42 eV)/kzT], T=160 K (18)

B—A: k=10"exp[—(0.24 eV)/kpT], T=140 K .
(19)

We have proposed'? an atomic model for the M center.
In terms of this atomic model, the reversible transforma-
tion 4 = B may be written as follows:

(VP +3e~ = PL+V7 +Pf, (20
P hop

where the parentheses around the first term denotes a
Coulombic attractive interaction between the initial point
defects and P hop identifies P atomic migration to a
nearest-neighbor vacancy as the transformation mecha-
nism. We have discussed'? the atomic model in some de-
tail; it is our present objective to offer a quantitative ex-
planation for the three widely divergent prefactors found
in the kinetic equations.

First note that the reversible transformation between

‘configurations as specified by Eq. (20) involves the cap-

ture or emission of three electrons as well as a P hop. We
propose that the wide range of empirically deduced pre-
factors results from differences in the rate-limiting step in
the defect complex transformation. We now individually
treat each of the kinetic equations.

1. A—Bstage ]

The process occurs at a temperature of 110 K with a
prefactor 45110 K)=10'", We assume that the rate-
limiting step is a process involving a P hop and emission
of a single electron,

(ViPE® — PL+VS+P) +e™ . 2D
P hop
For this rate-limiting defect reaction the prefactor can be

written as

Ag=vpexp{(AS,, +AS,)/kg] . (22)

]
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The parameters used to calculate 4, are summarized in
Table I. The calculated prefactor A4(110 K)=1.2X 10
is an excellent agreement with that found experimentally.
Note the very large value of the activation entropy,
AS,/kg=12.2 and that the translational entropy
S, 7k =8.0 is a dominant contribution.

2. A—Bstage2

This process occurs at 160 K with a prefactor
AFP(160 K)=10"" s™'. We assume that the rate-
limiting step is due to the emission of a single electron,

(VPR = (VL Pl) " +e™ . 23)

The prefactor of the rate-limiting step corresponds to
electron emission and carn be written,

Ag=v,oN exp(AS; /kg) , (24)

where vy, is thermal velocity, o is the capture cross sec-
tion, and N, is the conduction-band effective density of

states. Assuming o =10""'5 cm?, which is a typical cap-
ture cross section, we obtain A J*°%(160, K)=9.6 X 10"
s”! (see Table I) again in good agreement with experi-
ment.

3. B4

At a temperature of 140 K the prefactor of the B— 4
transformation is found to be 4140 K)=10"s~". In
accordance’ with Levinson et al. we assume that the re-
verse reaction occurs in one stage with the capture of
three electrons as well as a P hop,

PL+V§ +Pl+3e™ —— (VPP (25)
P hop

The prefactor of this process can be written as,
A0=VDexp[(ASm—3AS,-)/kB] {26)

where the negative sign before the ionization entropy
arises because of electron capture and a concomitant har-
dening of the lattice. As summarized in Table I, this re-

TABLE I. InP parameters used in the phosphorus vacancy nearest-neighbor hopping and metastable

M center calculations.

Lattice constant a (A)
Debye temperature 8, (K)
Debye frequency v, (s7!)
Mass m (kg)

Tetrahedral radius r (A)
Volume V (m %)

5.868 75
292
6.1 10"
In=1.91X10"%, P=5.14X1072
In=1.405, P=1.128
1.76 X 10~ %

Phosphorus vacancy nearest-neighbor hopping

Temperature T (K)
Vibrational entropy S, /kg
Translational entropy S, /kg
Migrational entropy AS,,/kp
Ionization entropy AS;/kg
Activation entropy AS, /kg

325
34

11.6
8.2
6.8

15.0

Metastable M center

A— B stage |
Temperature T (K)
Vibrational entropy S, /kg
Translational entropy S, /kg
Migrational entropy AS,, /kg
Ionization entropy AS;/kg
Activation energy AS,/kp
Prefactor A, (s™Y)

A4 — B stage 2
Temperature T (K)
Thermal velocity v, {(cm/s)
Capture cross section ¢ (cm?)
Density of states N, {cm™?)
Ionization entropy AS, /kg
Prefacior 4q (s7')

B— 4
Temperature T (K)
Vibrational entropy S, /kg
Translational entropy S, /k;
Migrational entropy AS,, /kg
Tonization entropy AS, /kg
Activation entropy AS, /kg
Prefactor 4, (s~ ')

110
0.8
8.0
7.2
5.0
12.2
1.2x 10"

160
3.1x10
10-15
1.04 X 10"’

5.7
9.6x 10"

140

1.3

8.4

7.1

-5.5

-9.4
5.0y "0f
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sults in a prefactor AF<(140 K)=4.0x10% s~! in
reasonable agreement with that found experimentally.
Note that in this case, the large entropy of three captured
electrons dominates, yielding a negative activation entro-

py.
C. Self-diffusion in Si and Ge

Let us now test our proposal for the entropy of atomic
hopping by applying it to the experimentally deduced
prefactors for self-diffusion in Ge and Si. The prefactor
for self-diffusion D, for Ge over a temperature range of
766-928 °C was found to be?

D (Ge)=7.8 cm?/s . 27)

The prefactor for Si self-diffusion when the self-diffusion
data has been fit to a simple Arrhenius plot, has been re-
ported® over a very wide range (1-9000 cm?s). Demond
et al. have shown, however, that the rate of self-diffusion
in Si does not obey® a simple Arrhenius law. They have
interpreted this as due to the superposition of two ac-
tivated processes. For the temperature range
830-1200°C the dominant process has a prefactor that
falls within the range,

D§*®(Si,low T)=0.2-20 cm?/s . (28)

For temperatures greater than 1200°C the dominant pro-
cess has a prefactor of order

D™ (Si,high T)=~2000 cm?/s . (29)

We assume that self-diffusion in Ge and low-
temperature self-diffusion in Si proceeds via neutral
monovacancy diffusion. The prefactor for self-diffusion is
given byt,S.ZS

D0=%a2fvpexp[(AS,,, +AS;)/kg] , (30
where a is the lattice constant, f is the correlation factor
(equal to 1 for self-diffusion by vacancy migration in dia-

mond lattices?®), and AS + is the entropy of formation of a
vacancy. AS,, is calculated using Egs. (7)-(9). Note that
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AS,, is temperature dependent so that the average tem-
perature over the experimental range is used to calculate
AS,,. The parameters used to calculate AS,, for Si and
Ge are summarized in Table II. The entropies of forma-
tion were taken’®” to be AS/(Sil/kp=3.0, AS,(Ge)/
kg =2.6. Using Eq. (30), we find

Dt (Ge)=11 cm?/s , 31
Dot (Si,low T)=24 cm?/s (32)

which are in reasonable agreement with that found exper-
imentally, particularly when it is realized that precise
values for AS, are not well established and there is a
large sprezd in the experimental data in the case of Si
self-diffusion. Note that the total activation entropy of
the prefactor (i.e., AS, =AS,, +AS,) is quite large for
both Ge and Si, AS["°(Ge)/k;=8.9 and AS™(Si)
=9.2.

An alternative mode of vacancy migration that yields
the same theoretical prefactor for low-temperature Si
self-diffusion is that singly ionized vacancies, rather than
neutral vacancies, are the mediators of self-diffusion and
that they are deionized through capture of free carriers
concomitant with the hopping event, i.e.,

Ve +e  — Vs (33)
hop
or
Vg +h* —— V3 . (34)
hop

The activation entropy for both of these self-diffusion
mechanisms is the same as in Eq. (30), namely
(AS,, +AS,)/kg, since the ionization entropy contribu-
tion from the singly ionized vacancy is canceled by the
ionization entropy associated with the free-carrier cap-
ture. Note that Eqgs. (33) and (34) for Si are similar to
Egs. (13), (21), and (25) for InP in that our prefactor
analysis suggests that carrier capture or emission often
occurs concomitant with atomic hopping.

The prefactor for high-temperature self-diffusion in Si

TABLE II. Parameters used to calculate the entropy of migration for Si and Ge self-diffusion. The
values in parentheses refer to high-temperature self-diffusion in Si.

Parameter Silicon Germanium
Lattice constant a (A) 5.43072 5.657 54
Debye temperature 8, (K) 648 374
Debye frequency vp (s7') 1.35x 10" 7.79% 102
Mass m (kg) 4.66X 107 1.21x107%
Tetrahedral radius r (A) 1.173 1.225
Volume ¥V (m~?) 1.35x107% 1.54x 107
Temperature T (K) 1288 (1573) 1120
Vibrational entropy S,/ks 5.1 (5.7 6.3
Translational entropy S,/kg 11.3 (11.6) 12.6
Migrational entropy AS,, /kj 6.2 (5.9 6.3
Formation entropy AS,/kg 3.0 2.6
Ionization entropy AS;/ks (5.0
Activation entropy AS,/k, 9.2 (13.9) 8.9
Prefactor D, (cm?/s) 24 (2708) 11
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can be justified in accordance with our activation entropy
formulation if the total activation entropy used in Eq.
(30) is given by

AS,=AS,, +AS, +AS; . (35)

Using an average temperature of 1573 K and Eq. (16) to
evaluate AS; with!® @=4.73X107% eV/K and 8=636 K
yields AS;/kg=5.0. This leads to (see Table II)
AS,/kp=13.9 and a prefactor for high-temperature Si
self-diffusion

Do (Si, high T)=2708 cm?/s (36)

which is in reasonable agreement with that deduced by
Demond et al. There are various mechanisms for self-
diffusion which would result in this prefactor: neutral va-
cancies which ionize concomitant with the hop to become
singly ionized, singly ionized vacancies which hop
without changing their ionization state, or doubly ionized
vacancies which undergo free-carrier capture during the
hop to become singly ionized. The situation becomes fur-
ther complicated if the negative U character?® of Vy; is
brought in to consideration.
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IV. CONCLUSIONS

We propose the entropy of atomic migration may be
calculated from a difference of the translational and vi-
brational entropy as calculated using Egs. (7)-(9). It is
found that in a kinetic process involving atomic hopping
is often dominated by the effects of the migrational and
ionization entropies. We have been able to quantitatively
account for the prefactors, or equivalently, the activation
entropies, of PYNNH in InP MIS devices, transforma-
tions in the metastable M center in InP, and self-diffusion
in Si and Ge. Prefactors with magnitudes as large as
those exhibited in the processes discussed were previously
considered to be anomalous. We believe that analysis of
the magnitudes of prefactors, along the lines of that dis-
cussed herein, may be a powerful approach for the micro-
scopic identification of defects and defect-related process-
es.
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A formulation for estimating the enthalpy of formation of neutral, isolated antisite defects in
III-V compound semiconductors is presented, in which it is assumed that the formation
enthalpy is comprised of disorder and electronic contributions. The disorder contribution was
previously calculated by Van Vechten [J. Electrochem. Soc. 122, 423 (1975); Handbook on
Semiconductors, edited by S. P. Keller (North-Holland, Amsterdam, 1989), Vol. 3, Chap. 1].
The electronic contribution is equal to the difference of the donor (acceptor) levels with the
valence-band maximum (conduction-band minimum). The enthalpy of formation of neutral,
singly, and doubly ionized, isolated antisites is estimated for GaAs and InP. The enthalpy of
formation of neutral antistructure pairs in wide band-gap I11I-V semiconductors is calculated
assuming that the binding energy is given by the electrostatic energy of a doubly ionized
nearest-neighbor pair of antisites separated by a normal lattice site. The enthalpy of formation
of neutral antistructure pairs in the narrow band-gap I1I-V semiconductors InAs and InSb is

estimated assuming the binding energy is twice the band-gap energy.

INTRODUCTION

The enthalpy of formation of a neutral antistructure
pair AH,(B,A4 %) is defined by the reaction

ABy =B,A% AH(B,A3), (1

corresponding to the interchange of two atoms in a unit cell
of the crystal. Van Vechten has calculated'? the enthalpies
of formation of neutral antistructure pairs using the dielec-
tric two-band model while treating the defect complex as a
pair of impurities B, and 4,. Within the context of this
model, the enthalpy of formation of an antistructure pair is
the sum of two terms,

AH,(B,Ay) = AH,(B,A,) + AH, (B, A,). (2)

The first term AH, is the contribution actually calculated’-
by Van Vechten using the dielectric two-band model, andisa
disorder term associated with the reduction in the optical
band gap resuiting from the disorder concomitant with the
formation of antisite defects. The second term is an elec-
tronic contribution due to the ionization charge state of the
defect complex. Van Vechten has argued' that since an an-
tistructure pair is neutral within the unit cell, the electronic
contribution will be zero, and the enthalpy of formation of
an antistructure pair is entirely due to the first term,

AH/(B,A%) = AHy(B,A%). (3)
Values for AH,(B,4 3) and thus for AH,(B,A4 }) as calcu-
lated"? by Van Vechten are given in Table I.

The first goal of the work discussed in this paper is to
estimate the enthalpy of formation of isolated antisite defects
in II1-V compound semiconductors. To accomplish this, we
first estimate the enthalpy of formation of isolated, neutral
antisite defects, and from these values infer the enthalpy of
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formation of the neutral antistructure pair. Note that this
approach differs'-? from that originally taken by Van Vech-
ten, who began by considering the antistructure pair forma-
tion enthalpy and then inferréd the formation enthalpy of
the individual antisites. Thus, the second goal of this paper is
to re-estimate the enthalpy of formation of antistructure
pairs in III-V compound semiconductors.

ENTHALPY OF FORMATION OF ANTISITE DEFECTS

Isolated antisites are not necessarily electrically neutral.
An A, antisite defect in a I1I-V compound semiconductor
exists as a double acceptor® with a possible charge state of 0,
— 1, or —2, while a B, antisite is a double donor with a
charge state of 0, + 1, or + 2. The actual charge state in
which an antisite exists depends on the location in energy of

TABLE 1. Disorder contribution to the enthaipy of formation of antisite
defects and antistructure pairs in I[II-V compound semiconductors. Enthal-
py is expressed in units of eV.

Semiconductor  AH,(B,4%) AH,(A47%) AH(BY)

AlP 1.10 0.60 0.50
AlAs 0.75 0.30 0.45
AlSb 0.38 0.02 0.36
GaP 1.06 0.68 0.38
GaAs 0.70 0.35 0.35
GaSb 0.40 0.08 0.32

InP 1.11 0.89 0.42
InAs 0.90 0.57 0.33
InSb 0.54 0.27 0.27

'© 1989 American Institute of Physics 1997
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FIG. 1. An energy-band diagram which illustrates that the electronic con-
tribution to the enthalpy of formation of a neutral anion antisite defect is
equal to the difference in the donor levels with respect to the valence-band
maximum, and is equal to the difference in the acceptor levels with respect
to the conduction-band minimum for a neutral cation antisite.

the ionization levels and on the position of the Fermi level. In
general, the enthalpy of formation of an antisite defect will
have both disorder and electronic contributions,

AH (A 5°) =AH,(A43) + AH (45 %), 4)
AH (B ") = AH,(B) + AH. (B[ "), (3

where z = 0, 1, or 2 is the charge state of the antisite defect.

Van Vechten has previously calculated'? the disorder
contribution to the formation enthalpy for isolated, neutral
antisite defects. These values are presented in Table I for I11I-
V compound semiconductors. To determine the total enthal-
py of formation, it is necessary to calculate the electronic
contribution AH,.

The electronic contribution AH, for an isolated anion
antisite is calculated as follows. Consider a neutral anion
atom sitting on its normal lattice site B ;. For the purpose of
calculating AH, (B%), we envisage B} as a neutral donor
with ionization levels that lie at the valence-band maximum
E,. The neutral anion antisite B %, which is the analogof B §,
possesses two 1onization levels E,, and E,,, which are
within the energy band gap, as shown in Fig. 1. Thus, re-
placement of B 3 by B, requires an electronic energy equal
to the difference of the donor levels with respect to the va-
lence-band maximum. The electronic contribution to the
enthalphy of formation of a neutral anion antisite is simply

AHQ(B:)=(ED| —EV)+(EDZ_EV)1 (6)

where E,| and E),, are the first- and second-donor ioniza-
tion energies, respectively. Similarly, the electronic contri-
bution to the enthalpy of formation of a neutral cation anti-
site is given by

AHe(A:).—-(EC“ A|)+(EC— 42), (7)

where E. denotes the bottom of the conduction band, and
E,, and E,, are the first and second ionization energies,
respectively.

It is now possible to calculate the enthalpy of formation
of neutral, isolated antisite defects from Egs. (4) and (5)
with the help of Egs. (6) and (7) for evaluation of the elec-
tronic contribution and, with the aid of Table I, for evalua-
tion of the disorder contribution. It is possible, however, that
the antisite defect is singly or doubly ionized instead of neu-
tral; the Fermi-level position and ionization energies of the
antisite will determine the actual charge state. If the antisite
is ionized and if the ionization energies of the antisite are
known for the semiconductor of interest, the enthalpy of
formation of the antisite in other charge states may be calcu-
lated using the Law of Mass Action to give [see the Appen-
dix for a dertvation of Eq. (8)]

AH (B ;) =AH (B ;) + (Ep, — Ef), (8)
AH (B ) =AH/(B%) + (Ef — E})), (%)
AH (A5 ) =AH (A7%) + (Er —E,;), (10)
AH (A7) =AH (A}) + (E,, — E), (11

where E, is the Fermi level.

The enthalpies of formation of isolated antisite defects
of various charge states are given in Table II for GaAs and
InP. These values are calculated using the ionization ener-
gies given in Table III and assuming a Fermi-level position at
the band edges E or £, or at midgap E,. Note that we have
employed ionization energies which are estimated for T = 0
K in this work; we ignore the temperature dependence of
these ionization energies.

It is apparent from Tables I and II that the electronic
term AH, is a major component of the total enthalpy of
formation of individual antisite defects for I1I-V compound
semiconductors. It is also important to note that the Fermi-

TABLE I1. Enthalpies of formation of isolated antisite defects of various charge states for (a) GaAs and (b) InP. These values were calculated for three
Fermi-level positions and by assuming that the antisite ionization energies are those given in Table [I1. Enthalpy is expressed in units of eV

(a) GaAs
E position AH,(BY) AH.(B ) AH (B Y AH,(A%) AH, (A4 ,5) AH, (4, 7)
E,. 1.62 2.39 339 311 1.67 0.35
E, 1.62 1.63 1.87 311 2.43 1.87
E, 1.62 0.87 0.35 311 319 3.39
(b) InP
E. 2.38 2.39 3.26 3.57 2.28 0.89
E, 2.38 1.68 1.84 157 2.99 2.31
E, 2.38 0.97 0.42 3.57 3.70 3713
1998 J. Appl. Phys_, Vol. 66, No. 5, 1 September 1989 T.W Dobson and J. F Wager 1998




TABLE III. Estimated ionization energies at T=0 K of isolated antisite
defects in GaAs (Ref. 4) and InP (Ref. $). Energies are with respect to the
conduction band minimum for donors and the valence band maximum for

acceptors.

Ionization Energy (eV)

Defect lIonization level  Charge state GaAs InP
Ay Al -/0 0.078 ' 0.03
A2 - - - 0.20 0.13

B, Dl o/ + 0.77 0.01
D2 +/+ + 1.00 0.87

level position and the ionization energy positions have a pro-
found effect on the energy of formation of antisite defects,
particularly in the case of wide band-gap semiconductors
such as GaAs and InP. Even when the electronic contribu-
tion is properly taken into account, thermodynamic energy
accounting leads to the conclusion that antisites and anti-
structure pairs typically have a smaller energy of formation
than vacancies and divacancies. Thus, antisites should be
anticipated as common defects in III-V compond semicon-
ductors.

ENTHALPY OF FORMATION OF ANTISTRUCTURE
PAIRS

The neutral antistructure pair B, 4 § may be envisaged
as a nearest-neighbor pair comprised of 4 ;% and B °,
where z is the charge state of the individual antisites. We
argue that z = 2 for both components of the antistructure
pair, independent of the ionization energy locations of the
individual antisite defects as long as the Fermi level is within
approximately the middle half of the band gap. This follows
from the effect of associates of oppositely charged defects on
the position of the ionization level.? If a positively charged
defect combines with negatively charged defect to form a
pair, the ionization energies of this defect complex differ
from that of the individual isolated defects; the donor levels
move toward the conduction band and the acceptor levels
toward the valence band. The total change in the ionization
level positions due to association can be approximated® as
the electrostatic energy due to two nearest-neighbor point
charges,

AE = Z,Z,q"/4rer, (12)

where Z, and Z; are the charges of the two antisite defects
comprising the antistructure pair, r is the equilibrium near-
est-neighbor separation distance, and ¢ is the dielectric con-
stant. For I1I-V compound semiconductors, Z, = Z, =2,
€=12, and 7=2.5 A which gives AE~1.8 eV. This is ap-
proximately equal to, and in some cases much greater than,
the band gap of the III-V semiconductor under considera-
tion. Thus, the effect of association is to force the ionization
levels close to or resonant with the conduction or valence
bands so that the individual antisites attain their full ioniza-
tion state of 2, and the antistructure pair is net neutral
B;A;'=B,4%.

The binding energy of the neutral antistructure pair
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AH, (B,A7%) is defined as the energy required to separate it
into two isolated antisite defects,

B Ay, =B +A;% AH,(B,4}). (13)
We assume that this binding energy is approximated by
some fraction a of the electrostatic energy of the doubly ion-
ized antisite defects occupying unperturbed lattice site posi-
tions,

AH,(B,A%) = 4¢a/4mer. (14)

Some discussion of Eq. (14) is required. Within the
framework ¢~ our assertions, the binding energy of a neutral
antistructure g dr is identified as the Coulomb interaction
energy of the uoubly ionized, nearest-neighbor antisite de-
fect pair as estimated in the fully screened, point charge ap-
proximation. Additionally, this interaction energy is identi-
fied as the energy of association which forces the ionization
levels near to or resonant with the respective band edges. We
assert that the fully screened, point charge approximation is
a reasonable estimate of the antistructure pair binding ener-
gy as long as the antistructure pair ionization energies are
present within the band gap and are, thus, localized elec-
tronic states. When the ionization levels become resonant
with the band edge, however, the fully screened, point
:harge approximation is of questionable validity since these
states are now resonant and, hence, nonliocal in nature.

Without becoming entrenched in these subtleties, we
postulate that only a fraction a of the Coulombic energy
contributes to the antistructure pair binding energy; this
fraction corresponds to the amount of association energy it
takes to push the antistructure ionization levels out of the
band gap. In order to evaluate a, we must know the ioniza-
tion energies of the isolated antisite defects as well as the
fraction of energy which goes into modifying each ionization
level. It is clear that a will be greater for wide band-gap
semiconductors compared to narrow band-gap semiconduc-
tors like InAs and InSb, since a small fraction of the associ-
ation energy is sufficient to push the ionization levels reso-
nant with the band edges for semiconductors with small
band gaps.

In order to estimate the enthalpy of formation of an
antistructure pair in a III-V semiconductor without know-
ing a, we adopt the following approach. We assume the an-
tistructure binding energy to be the smaller of: (a) that cal-
culated from Eq. (14) with @ = 1 or (b) twice the band-gap
energy 2E., which is the association energy required to
push four ionization levels from midgap to the band edges.
Thus,

AHT™(B,A%) = 4¢*/ (4er) or 2Ec, (12

whichever is smaller. As noted in Eq. (15), this estimate
corresponds to a maximum value of the binding energy
which would, thus, correspond to a minimum value of the
enthalpy of formation of an antistructure pair.

With these issues resolved, we can return to the problem
of estimating the enthalpy of formation of a neutral antis-
tructure pair, where we will now employ Eq. (15) as an
estimate of the binding energy,
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AH, (B A%)=AH (A5% + AH, (B ;Y

— AH,(B,A%). (16)
From Egs. (4), (7), (10), and (11),

AH,(A 5%) = AHo(A5) + 2(Ec — E;) (17)
and from Egs. (5), (6), (8), and (9),

AH (B [*) = AHy(B%) +2(Ef — E,). (18)

Combining Eqgs. (16), (17), and (18) leads to

AH (B, A3) = AH(BA) +2E. — AH,(B,47%),
(19)

where E, is the band gap. The enthalpy of formation of a
neutral antistructure pair may be estimated using Egs. (15)
and (19) without any knowledge of the ionization energies
of the defect complex. These values are compiled in Table IV
for II11I-V semiconductors. Our values for 1.95 and 1.79 eV
for the antistructure pair enthalpy of formation and binding
energy, respectively, are in rough agreement with that calcu-
lated® by Baraff and Schluter (~ 1.7 and ~2.5eV).”

It can be seen from Table IV that the enthalpy of forma-
tion of an antistructure pair is greater'- than that originally
estimated by Van Vechten for all of the I1I-V semiconduc-
tors considered, except for InAs and InSb, which are identi-
cal to his original estimates. In his original formulation, Van
Vechten considered only the disorder contribution to the
enthalpy of formation of an antistructure pair, whereas in
this work we also include electronic and binding contribu-
tions. Our formulation of the antistructure pair enthalpy of
formation as given by Eq. (19) reduces to that of Van Vech-
ten when it is assumed that the electronic and binding contri-
butions are of equal magnitude. Note from Table IV that this
assumption is employed only for the small band-gap semi-
conductors InAs and InSb, in which case the Coulombic
energy is greater than twice the band gap. For all of the other
III-V semiconductors considered, the Coulombic energy is
less than twice the band gap, so that the binding energy is
estimated by the fully screened, point charge approximation.
Note once again that the antistructure pair enthalpies of for-
mation listed in Table IV represent lower limit estimates
since Eq. (15) is used to estimate the binding energy.

TABLE 1V. Enthalpies of formation of antistructure pairs in [II-V com-
pound semiconductors. AH,(B ,4,) is the disorder contribution, E_, is
the low-temperature band gap, and AH, is the enthalpy of binding of the

antistructure pair as estimated from Eq. (15). All quantities are expressed
in units of eV.

Semiconductor AH,(B,A3) E., AH, AH/(B'"A})

AlP 1.10 2.52 2.49 365
AlAs 0.75 225 2.15 10
AiSb 0.38 1.68 1.50 2.24
GaP 1.06 2.34 .20 354
GaAs 0.70 1.52 1.79 1.95
GaSb 0.40 0.81 1.39 0.63
InP 111 1.42 1.83 2.12
InAs 0.90 0.42 0.84 0.90
InSH 0.54 0.23 0.46 0.54
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APPENDIX

A derivation of the relation between the enthalpy of for-
mation of a fuily and partially ionized antisite is given for the
case of a doubly ionized anion antisite which becomes singly
ionized,

B/ +e =B (Al)
Application of the Law of Mass Action leads to
K=[B;]/[B;*]le] (A2)

where X is the equilibrium constant and the square brackets
denote the concentration of the enclosed species. From semi-
conductor statistics considerations,’

e ] =N, exp[(Er — Ec)/kT ], (A3)

where . is the conduction-band effective density of states,
E is the energy of the bottom of the conduction band. and &
is Boltzmann's constant. Also, from basic semiconductor
statistics,’

(B )/[Bi?) =80, exp[(Er — Ep:)/kT ], (A4)
where g,,, and E,, are the degeneracy and energy, respec-
tively, of the second ionization level. Substitution of Egs.
(A3) and (A4) into (A2) leads to

K=gp,/N exp[(Ecs — Ep,)/kT]. (AS)
The Gibbs free energy AG, of the defect reaction specified in
Eq. (A1) is given by

AGr =AG/(B ;) —AG,(B ;%) -~ AG,(e7), (A®6)
where AG, denotes the Gibbs free energy of formation. The

Gibbs free energy of reaction is related to the equilibrium
constant via

AGy = —kThK (A7)
Substitution of Eqs. (A5) and (A6) into (A7) gives
AG/(B ;) ~AG/B ;) —AG,(e”)

= — kTlIngp,/N, - (Ec — Ep,). (AB)
The Gibbs free energy of the free electron is given by

AG,(e”)=E. — Ep, (A9)
which when substituted in to Eq. (A8) leads to
AG.(B )

=AG,(B;* + (Ep, —Er) —kTlIngp,/N..

(A10)

The last term in Eq. (A10) is an entropy term.® Also recall
that

which leads to the desired result when the enthalpy and en-
tropy terms substituted into Eq. (A10) are equated,
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. EONCLUSIONS

An atomistic thermodynamic formulation for the en-
ergetics of self-diffusion in GaAs is presented. Self-
diffusion involving vacancy migration modes is given pri-
mary emphasis, although Frenkel pair formation is also
briefly considered. Our list of vacancy migration mecha-
nisms is not exhaustive; for example, we do not treat self-
diffusion by trivacancies as proposed*’ by Van Vechten and
Schmid. We conclude that if vacancies are available in
equilibrium concentrations (in other words, if local equi-
librium is maintained by the creation of vacancies at
nearby surfaces and dislocations), vacancy 2nnh is always
predicted to be the most favorable mechanism of self-
diffusion. Self-diffusion by vacancy 2nnh is compatible
with prefactors of magnitude ~ 10~°-10~' cm?s~' and
activation energies ~3—4 eV. The energetics of self-
diffusion depends strongly on the Fermi-level position and
thus on the charge states and ionization energies of the
defect complexes involved in self-diffusion. When the
Fermi level is near the conduction-band minimum, Ga dif-
fusion by 2nnh is predicted to dominate. In contrast, As
diffusion by 2nnh is predicted to have the minimum AH
when the Fermi level is near the valence-band maximum.
When the Fermi level is near the middle of the bandgap,
2nnh by Ga and As are almost equivalent energetically and
possess the smallest AH,’s of the mechanisms considered.
These observations are consistent with certain self-
diffusion trends as reviewed’ by Deppe and Holonyak.

It is proposed that Ga self-diffusion or interdiffusion
processes which are characterized by large prefactors
(~10"-10° cm?s ') and activation energies ( ~6 eV) in-
volve cation Frenkel pair formation. This mode of self-
diffusion is expected to be dominant when surface vacancy
generation is precluded and vacancies can only be gener-
ated in the bulk of the semiconductor by the creation of an
interstitial-vacancy pair. Although nnh can also account
for very large prefactors and activation energies, we prefer
to invoke Frenkel pair formation because our energetic
estimation indicates 2nnh to be always more energeticaily
favorable than nnh if vacancies are available to mediate
self-diffusion.
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Now consider the entropies of activation AS,/kg
= 6.2, — 3.4 as determined*®® by Kendall and Palfrey er
al., respectively. As mentioned above, AS,/ky; = 6 for
mechanism 1, Ga diffusion by 2nnh which is in good agree-
ment with that reported* by Kendall but is significantly
larger than that deduced®® by Palfrey er al. The essential
point, however, is that the activation entropy for 2nnh is
expected to be much less than that for nnh.

iV. DISCUSSION
A. Vacancy-mediated seif-diffusion

The energetics of self-diffusion in GaAs has been dis-
cussed in terms of atomistic thermodynamic modeling of
vacancy modes of self-diffusion. The activation enthaipy
analysis led to the conclusion that, if vacancies are avail-
able in thermodynamic equilibrium concentrations, self-
diffusion should occur by 2nnh. Our assessment of the en-
ergetics of 2nnh is consistent with reported activation
energies of ~3—4 eV and is compatible with As-rich,
n-type QWH annealing trends in which intermixing is at-
tributed to cation vacancy 2nnh. Our analysis predicts As-
poor, p-type QWH intermixing to be due to As 2nnh; this
is clearly not the case because intermixing is found to occur
on the cation sublattice.

Additionally, an activation entropy analysis has been
performed. The primary conclusion of this analysis is that
“normal” activation entropies (i.e., entropies associated
with prefactors of order 10~°-10~"' cm?s~' and with
activation energies ~3—4 eV) are compatibie with 2nnh
whereas *“‘abnormally large” activation entropies (i.e., en-
tropies associated with prefactors of order 107-10°
cm?s~! and with activation energies ~6 eV) are more
compatible with nnh.

When the conclusions obtained from the activation en-
thalpy and entropy analyses are considered together with
experimentally established self-diffusion and QWH anneal-
ing trends, it is tempting to identify large prefactors
(~10"-10* ™ s~ ') and large activation energies (~6
eV) as arising from nnh whereas small prefactors
(~107%-10"'cm?s~"') and small activation energies
{ ~3—4 eV) as due to 2nnh. There is a problem, however,
with this identification. From Table V it is difficult to un-
derstand why diffusion should ever occur by nnh around a
sixfold ring because of the unfavorable energetics. The pri-
mary point of Table V is that if vacancies are available in
equilibrium concentrations the energetic assessment favors
vacancy 2nnh as the dominant mode of self-diffusion.

B. Interstitial-mediated self-diftusion

The key issue implicitly assumed in the previous anal-
ysis is that vacancies are available in equilibrium concen-
trations. Another assumption implicit in the vacancy for-
mation energetic assessment is that vacancies are created at
nearby surfaces or dislocations and exist in a state of local
equilibrium. Recent work***' by Guido e al. and Ourm-
azo er al., for example, indicate that this surface-vacancy
creatiqn, local equilibrium assumption is often invalid and

3030 J. Apol. Phys., Vol. 89, No. 5. 1 March 1991

a4

that interdiffusion is strongly depth dependent due to the
lack of native point defects in the bulk required to mediate
self-diffusion.

With this in mind we propose*? that in self-diffusion or
interdiffusion situations in which diffusion occurs in a bulk
region remote from surfaces and dislocations, a new va-
cancy can be created only as a Frenkel pair, i.e., a self-
interstitial-vacancy pair. Self-diffusion by Frenkel pair for-
mation (i.e., an enhanced solubility of the cation self-
interstitial) has previously been invoked®* by Deppe e al.
to account for QWH interdiffusion trends in which inter-
mixing occurs under p-type, As-rich conditions. Employ-
ing Van Vechten's method? for estimating the formation
enthalpy of such a neutral Frenkel pair,

AH (A or Bf)=E,(AB)Z(A; or B))/2, (21)

where A4, and B, refer to a cation or anion self-interstitial,
respectively, E, refers to the dielectrically averaged band
gap, and Z is the valence of the element which becomes the
self-interstitial. This leads to AH,(Ga;) = 7.8 eV and
AH(As]) = 13.0 eV. Note that Eq. (21) is not expected
to hold better than +20%.%° Thus, according to this esti-
mate it is feasible that self-diffusion or interdiffusion exper-
iments with measured activation energies of ~6 eV are
dominated by cation Frenkel pair formation. In other
words, deep in the bulk Ga vacancies are created by Fren-
kel pair generation. The generated ¥V, would then be
available to mediate self-diffusion, presumably by Ga 2nnh.
The large energy associated with the formation of the self-
interstitial would preclude a Ga, from existing in an equi-
libriumlike manner so that it would be expected to be
highly mobile and, thus, it could travel large distances be-
fore it is annihilated at a vacancy. Large diffusion distances
would also be expected because of the small trapping cross
section of an interstitial by a vacancy due to the large
amount of energy that needs to be dissipated in the
interstitial-vacancy annihilation.

Note that the energy of formation of an anion Frenkel
pair is exceedingly large, according to the theory?® of Van
Vechten.

Before it can be confidently concluded that Frenkel
pair formation is indeed the mechanism responsible for
self-diffusion and interdiffusion processes with activation
energies of ~6 eV, it is necessary to justify that Frenkel
pair mediated self-diffusion can account for the associated
abnormally large prefactor of ~ 10® cm?s~'. Although
this issue remains to be resolved in detail we note that
Fujita has developed* a statistical mechanical theory of
fast interstitial diffusion in metals and he discusses prefac-
tors of abnormally large magnitude. Specifically, he at-
tributes Dy=10° cm? s — ! for Kr diffusion in KCl to inter-
stitial diffusion of neutral Kr. In analogy to his
identification, interstitial diffusion of neutral self-
interstitials could give rise to prefactors of abnormally
large magnitude.
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AS,/kg = 6.2 whereas Dy = 4.6 x 10~ ° cm-s~ as
measured®® by Paifrey et al. yields AS,/kg = —3.4.

Assessment of AS, is accomplished using the
formulation™* of Dobson et al. and Wager. In general,
the activation entropy can be envisaged as a sum of three
contributions,

AS,=AS,, + AS; + AS, (11)

where AS,,, AS, and AS s are, respectively, the entropy of
migration, ionization, and formation. The entropy of mi-
gration is given by33

AS,=S,—-S, (12)
where S is the saddle-point entropy of the atom undergo-
ing hopping and is given by

1 1 kgT\ 4

S,=z k3+k,ln[4T‘J2—1r ( )

KE,
2memk T2y
x(ﬁ—"—'lhé—)-—)J (13)

where e=2.718, m is the mass of the hopping atom, ¥ is
the hopping volume which, for nnh, we take to be the
volume occupied by two nearest neighbors, and KE,, is the
minimum Kinetic energy required for hopping according to
the ballistic model.” The vibrational entropy is given by

So_, hvp/ksT
Ky (exp(hv,,/k,r) -1

—In [l —exp( — th/k,T)]). (14)
Evaluating Egs. (12)-(14) at a temperature of 900 °C,
which is near the middle of the temperature range consid-
ered'” by Tan and Gosele, the entropy of migration is
found to be

AS,/kp=3. (13)

We will use this as an estimate of the migration entropy for
nnh or 2nnh of Ga or As. The masses of Ga and As are
very similar so there is very little difference in AS,, regard-
less of which atom hops. Likewise, AS,, for nnh and 2nnh
are very similar according to the above theory since the
difference in AS,, is reflected in the hopping volume and
the minimum kinetic energy for hopping which are weakly
(logarithmically) related to AS,,.

We assume’* that the ionization entropy for each
ionization process is given by the full entropy of the band
8ap,

AS(T)=AS (T =aT(T +28)/(T +B)%,  (16)

where a = 5.405 X 10~* eV/K and B = 204 K. Using
these values for g and B at a temperature of 900 °C gives

As a crude approximation,’’ we assume the entropy of
formation of Ga or As vacancies in GaAs to be

AS,/k,:l (18)
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A discussion of some of the issues involved in estimatung
AS, may be found in Refs. 37-39,

With these estimates of AS,, AS, and AS ' We at-
tempt to rationalize AS,/kp = 26 as deduced'? by Tan and
Gosele. Consider the six self-diffusion mechanisms listed in
Tables V and V1. Note that mechanisms 1, 2, and 5 do not
involve ionization of the diffusing specie. Thus, AS, for
these mechanisms is just the sum of AS,, and AS '+ which
gives AS,/ky =~ 6 for mechanisms 1 and 2 whereas
AS,/kg = 9 for mechanism S. Thus, mechanisms 1, 2, and
5 are not compatible with the activation entropy deduced'®
by Tan and Gosele.

In contrast, mechanisms 3, 4, and 6 involving nnh ex-
plicitly depend upon carrier ionization and capture and
thus possess an AS; contribution. The saddle-point config-
uration for mechanism 3 can be described by the following
defect reaction in its most common charge state:

V:s +AsxGa - V(;a+2h+'
As hop

(19)

To first order, the ionization entropy for this defect reac-
tionis ASi/kg = AS./ky = 6 (i.c., one band-gap entropy).
This estimate is in accordance with the assertion® of Van
Vechten that, for example, AS(VY,) =~ AS,(h*) and
ASi(¥G,) = AS;(e ™). Likewise, mechanisms 4 and 6 may
be likewise described by

Vo +Galy — Vi +4e-,
Ga hop
sothat AS/ky = 6.

Thus, the saddle-point ionization entropy for mecha-
nisms 3, 4, and 6 is AS/kp = 6. In order to estimate the
total activation entropy for these mechanisms, we must
account for two more contributions to the activation en-
tropy. In the remainder of this discussion, we consider only
single-vacancy nnh. The first additional contribution to the
activation entropy is the configurational entropy associated
with the multiplicity of ways of realizing the saddle-point
configuration. The configurational entropy for single-
vacancy nnh is AS./kg = In(2)(12) = 3.2, where 12
arises from the number of possible sixfold rings accessible
to an incident, isolated vacancy, and 2 accounts for the fact
that hopping around the sixfold ring can occur in either of
two directions. The second additional contribution to the
activation entropy is due to the formation entropy associ-
ated with the antistructure disorder that occurs along the
sixfold ring at the saddle-point configuration. It is difficult
to estimate the entropy of this defect complex. This en-
tropy will be mainly due to ionization with a small amount
associated with atomic positional disorder. As a very crude
estimate, assume each of the five antisites contributes |
kg to the activation entropy.

Summing up all of these contributions to the activation
entropy results in AS,/ky =~ 20 for single-vacancy nnh,
mechanisms 3 and 4. Although this value is not in accurate
quantitative agreement with AS,/kp as deduced'® by Tan
and Gdsele, it is an admittedly crude estimate which does
illustrate that a large activation entropy is expected for
nnh.

(20)
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nearest-neighbor hopping and initiated by an
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are compatible with the conclusion that 2nnh predomi-
nates. Note that the activation enthalpy for 2nnh is ~3-4
eV, in agreement with that reported by many researchers,
as shown in Table . As reviewed® by Deppe and Holon-
yak, annealing experiments of QWHs indicate that under
As-rich conditions intermixing occurs for n-type materials
whereas p-type QWHs remain stable and exhibit no inter-
mixing. This trend is compatibie with the energetic assess-
ment as follows. From stoichiometric considerations and
from Table IV it is evident that ¥, formation is favored
under n-type, As-rich conditions; it is also clear from Table
V that Ga 2nnh predominates under these conditions.
Certain other self-diffusion trends are incompatible,
however, with the conclusion that 2nnh predominates. For
example, as reviewed® by Deppe and Holonyak, QWHs
exhibit intermixing under As-poor, p-type conditions while
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no intermixing occurs when the doping 1s 2 type. Under
As-poor, p-type conditions V,, formation is favored ac-
cording to Table IV and As 2nnh should predominate ac-
cording to Table V. As 2nnh is not a viable mechanism for
accounting for QWH intermixing under As-poor, p-type
conditions, however, since such intermixing is monitored
by cation diffusion® whereas As 2nnh occurs exclusively on
the anion sublattice.

While the atomistic thermodynamic estimates of
saddle-point activation enthalpies provide some insight
into the nature of QWH intermixing, a detailed under-
standing of these phenomena requires a consideration of
the migration of the dopant species also. For example, Mei
et al. quote'® values of the activation energy for Al inter-
diffusion in AlAs/GaAs superlattices of 4, 2.9, and 1 eV
for Si-, Te-, and Zn-doped materials, respectively. The ac-
tivation energies for Si and Te, both n-type dopants, are
comparable with that given in Table V for Ga diffusion by
2nnh and it is possible that differences in the activation
energy are at least partially attributable to differences in
the Fermi-level position as implied by Table V. However,
the 1-eV activation energy for Zn diffusion is definitely
incompatible with values given in Table V. For Zn diffu-
sion it appears that the migration of Zn itself by an
interstitial-substitutional mechanism, as reviewed in Ref. 9,
is the rate-limiting process which determines the impurity-
induced intermixing. Note that the BM value for the en-
thalpy of migration of a Zn atom in GaAs is 0.77 eV for
hopping into a hexagonal interstitial site and 1.13 eV for
Zn hopping into a body-centered interstitial site.

B. Activation entropy analysis

The self-diffusion energetic analysis up to this point
has indicated that 2nnh is the most probable mode of self-
diffusion in GaAs. This conclusion is at odds, however,
with certain self-diffusion trends and with the self-diffusion
analysis'® of Tan and Gasele who deduce an activation
energy of 6 eV for intrinsic material in contrast to our
value of 3.97 eV for Ga 2nnh. Note that this 6-eV activa-
tion energy does not correspond to any of the AH s listed
in Table V, although it is reasonably close to mechanism 5,
divacancy diffusion by 2nnh.

To further investigate the mechanism of self-diffusion
in intrinsic GaAs we adopt a different strategy and under-
take a thermodynamic analysis of the prefactor D, The
prefactor may be alternatively expressed®’ in terms of an
entropy of activation AS,, which is given as

AS, | 8D,
kg - naf"o,

where a is the lattice parameter (5.6533 A), [ is the cor-
relation factor (1/2), and vp is the Debye frequency
(7.17x 10" s—') which we use to approximate the at-
tempt frequency. Employing these values and using D,
= 2.9 x 10® cm?s ™' as deduced'® by Tan and Gésele in
Eq. (10) leads to AS,/kg = 26, an extraordinarily large
value of the entropy of activation. Alternatively, adopting
Dy = 7 X 10" cm?s™ ! as reported® by Kendall gives

(10)
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TABLE VI. Summary of thermodynamic expressions used in the self-diffusion energetics analysis. The asterisks denote saddle point charge states which

aie influenced by association.

Fermi- Saddle-point
Diffusion . level constituents and

Expression used to calculate

mechanism position charge state self-diffusion activation energy, AH,
I. Ga migration E¢ 7 AHAVG,) + AHE"(Ga)
by 2nnh . E, Vo AH/(V3) + AHY"(Ga)
Ey V. AHAVS,) + AHE"(Ga)
2. As migration E. Vi, AHAV3,) + AHY"(As)
by 2anh £ Vi AHAVL) + AHL"(As)
Ey Vi, BHAVL) + AHR"(As)
3. Cation vacancy migration Ec Vi, + 3AsE, + 2Gal; AH(V3,) + 3AH[(AsE) + 28HAGa) + 4EL
by nnh + AH (As)
E, Vi + 3Asy] +2Gay;* AHAVG) + 30HAAsy)) + 208H(Gai)- 12E%,
+ 8EXN — 6EN + AHTM(As)
Ey Vi +3Asi] +2Gai;* AHAVE) + 3AH(Ask:) + 28H/(Gai]) - I12E0,
+ 8EU — 6E + AH™(As)
4. Anion vacancy Ec VG, + 3Gai, + 2AsE, AHAVGE) + 3AHAGaL) + 28H[(Asg)+ 3E3,
migration by nnh + 12E8% + 2B + AHY(As)
E, VG, + 3GaiT + 2Asir* AHAVG) + 3AHAGak,) + 28H/(Asg) - 12EG,
+ 8EXn — 6ENS, + AHY(As)
Ey VG, + 3Gai; + 2Asy;* AHAVG) + 3AHGal) + 2WH/(Asg)— 12EL,
+ BERD — 6E0 + AHW(As)
S. Divacancy E¢ Vas+ Véa AHAVL) + AHAVG) + AHY"(Ga)
migration by E, Vi +Va AHAVZ) + AHAVG,) — ENg + AHE"(Ga)
2nnh Ey Vi + Ve AHAVL) + AHAVG,) — Ean + AHY"(Ga)
6. Divacancy Ec 2V%, + Asg,(B) 28H/(V3,) + AH[(AsE,) + AHW(As)
migration by E, 2¥5, + Gail (A) 28H/(V3,) + AH,(Gak]) + 4Epn, + Ebn + AHZ(Ga)
nah Ey 2VE, + GaL (A) 2AH/(VE,) + AH/{(Gai,) + AHW(Ga)

most probable diffusion mechanism in terms of an enthalpy
of activation analysis may be undertaken. It is evident from
Table V that the energetics of self-diffusion strongly de-
pend on the Fermi-level position and thus on the charge
state of the defect complexes participating in self-diffusion.
In terms of the considerations of the previous section, this
is further evidence of the importance of the electronic con-
tribution to the enthalpy of formation of defects.
According to the estimates given in Table V, the most
probable self-diffusion mechanism (i.e., the mechanism
with the minimum AH,) is seen to always involve 2nnh;
Ga diffusion predominates when the Fermi level is near
E. whereas As diffusion predominates when the Fermi

(a) Cation Migration
b ab

. 4 FIG. 1. Vacancy migration by (a) cation
(b) Anion Migration  and (b) anion second-nearest-neighbor hop-
b ab ping.
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level is near £, When the Fermi level is near the middle of
the band gap, Ga diffusion by 2 nnh is most energetically
favorabie but As diffusion by 2 nnh has a AH , of nearly the
same magnitude and, therefore, cannot be ruled out as a
possible self-diffusion mechanism. The clear trend evident
from Table V is that self-diffusion in n-type GaAs is pre-
dicted to proceed by Ga 2nnh whereas p-type self-diffusion
occurs by As 2nnh. An energetic assessment, as given in
Table V, indicates that nnh, involving either single vacan-
cies or divacancies, is not an energetically favorable self-
diffusion mechanism.

Certain self-diffusion trends observed experimentally

(@) Cation Vacancy Migration

b ab
'/AS GQGOM
Ve As.p

As Ga,
° ¢ b F1G. 2. Saddle-point configura-
tion for (a) cauon and (b) an-
ion vacancy migration by
nearest-neighbor hopping.

(b) Anion Vacancy Migration

a b a

chhAqu

Vc‘ Gq‘.o
Go,As,

a b a
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Other assumptions implicit in our atomustic thermody-
namic formulation are with regard to the ionization state
and energy of isolated and complexed point defects. With
regard to the ionization state, we make the simplest possi-
ble assumption,?® motivated by simple chemical intuition,
that column-III cation and column-V anion vacancies be-
have as single acceptors and donors, respectively; likewise,
cation-on-anion site and anion-on-cation site antisites are
presumed to be double acceptors and donors, respectively.
Clearly, considerations such as negative U imply that such
assumptions must be made with caution; indeed, other
workers have concluded?® that there are a multiplicity of
charge states associated with isolated and complexed point
defects in GaAs. Our view is that the chemical intuition
assumptions should be employed until experimental anal-
ysis forces one to abandon them. The experimental situa-
tion regarding the ionization state of isolated point defects
in GaAs favors the simple chemical intuition
assumptions.?!#%-32

The isolated point-defect ionization energies for GaAs
as listed in Table II are subject to some uncertainty. It will
be shown, however, that the main conciusions regarding
self-diffusion trends do not sensitively depend on the pre-
cise position in energy of these ionization levels.

A related concept that we frequently employ in this
analysis in a qualitative manner is the idea of the associa-
tion of charged defects as formulated®® by Kroger. If two
defects are oppositely charged and occupy nearby lattice
sites, the enthalpy of formation of the two-defect complex
is reduced in comparison with the sum of the enthalpy of
formation of the two isolated defects by a binding energy
which is approximately that estimated by the fully
screened point-charge Coulombic interaction energy. Ad-
ditionally, the ionization energies of these two defects are
pushed towards their respective band edges by an amount
equal to this Coulombic interaction energy. Thus, associa-
tion of oppositely charged defects results in a perturbation
of the ionization energies of the isolated defects which we
can estimate semigquantitatively. For example, the saddle-
point-charge states denoted by asterisks in Table VI are
those expected when the association of oppositely charged
defects is considered. If nearby ionized defects possess sim-
ilar charge states, we can estimate the last-to-ionize defect
ionization energy as increased by the extra Coulombic in-
teraction energy due to the neighboring ionized defect.

The final assumption made in this analysis is that the
position of the Fermi level is known. The Fermi-level po-
sition determines the charge state of the intrinsic point
defects present and is itself established from the condition
of charge balance at a given temperature. Thus, the only
temperature dependence in this formulation is the implicit
dependence associated with the Fermi-level position.

ll. SELF-DIFFUSION ENERGETICS

A. Activation enthalpy analysis

A summary of the self-diffusion energetics is presented
in Table V in which the enthalpy of activation AH , for the
saddle-point configuration is estimated for the diffusion
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TABLE V. Summary of self-diffusion energetics.

AH, (eV)
Diffusion mechanism Er=E, Eq=E, Er=E,
1. Ga diffusion by 2nnh 3.21 397 4.72
2. As diffusion by 2nnh 4.90 4.29 3.53
3. Cation migration by nnh 10.40 8.36 6.08
4. Anion migration by nnh 12.94 8.16 10.44

5. Divacancy migration by 2nnh 5.52 544 5.44
6. Divacancy migration by nnh* 7.21(B) 8.19(A) 8.64(A)

A or B denotes the rate-determining saddle point. as shown in Fig. 4.

mechanism of interest. The enthalpy of activation is as-
sumed to consist of a sum of the enthalpy of formation of
the saddle-point-defect complex plus the relevant migra-
tion enthalpy as estimated from the ballistic model. A sum-
mary of the thermodynamic expressions used in the self-
diffusion analysis is given in Table VI. Notice that we
consider only vacancy migration modes in our analysis.
Although our list of migration modes is not exhaustive,
most of the commonly proposed III-V vacancy self-
diffusion mechanisms have been considered. Before dis-
cussing the conclusions evident from an analysis of Table
V, a short description of these self-diffusion mechanisms
and their energetics is given.

Diffusion mechanisms denoted 1 and 2 in Table V are
conceptually the simplest modes of vacancy self-diffusion
possible in a compound semiconductor since atoms remain
on their own sublattice when they undergo second-nearest-
neighbor hopping (2nnh) as shown in Fig. 1. The energet-
ics of 2nnh are quite simple, as evident from Table VI, and
consist of the sum of the enthalpy of formation of the
vacancy in a charge state determined by the Fermi-level
position, and the migration enthalpy required for an atom
on the same sublattice to accomplish a 2nnh to fill the
vacancy.

Diffusion mechanisms 3 and 4 are those proposed? by
Van Vechten and involve the creation and annihilation of
antisite defects around a sixfold ring in order to accomplish
vacancy migration without propagating a path of antisite
disorder. The saddle-point configurations for cation and
anion vacancy nearest-neighbor hopping (nnh) around a
sixfold ring are shown in Fig. 2. The energetics are quite
complicated and strongly Fermi-level dependent, as evi-
dent from Tables V and VI. Note that nnh involves the
movement of atoms of both sublattices as the antisite dis-
order is created and annihilated in the 11-stage process.

We consider two modes of divacancy diffusion which
are denoted 5 and 6 in Table V. These diffusion modes are
illustrated in Figs. 3 and 4. Note that mechanism 5 is
illustrated with the divacancy diffusion initiated by As
2nnh; this type of divacancy diffusion could also be initi-
ated by Ga 2nnh, but the saddle-point configuration is en-
ergetically less favorable. Also note that two saddle points,
labeled A and B in Fig. 4, are present in mechanism 6,
which is due to the fact that both types of atoms hop
during this migration mode.

Now that the diffusion mechanisms and their energet-
ics have been briefly summarized, an assessment of the
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FABLE IV Enthaipies of tormanon of 1s0131ed anusite 404 Vacaney Jetecly vl VArious CNarge stales 1or GdAs. [ nese vaiues were caiculales (of tiree
Fermi-levg} positions and by assuming that the antisite 1omzation energies are those given in Table I. Enthalpy 1s expressed in unuts of eV

Ef position ARV AHAV) AH(VE,) . AHAVG)

E, 231 2.31 0.80

E, 231 1.70 231 1.56

E, 231 2.31 2.32

Ef position AH{(AsE,) AH (Asd,) AH(AsgD) AH (Gai,) AH(Gag) AH(Galh)
Ec 1.62 2.39 3.39 L 1.67 0.35

E, 1.62 1.63 1.87 311 2.43 1.87

E, 1.62 0.87 0.35 311 3.19 3.39

(3) The disorder contribution to the enthalpy of for-
mation of an isolated, neutral antisite defect [ie.,
AH,(A%) and AH,(B%)] is that calculated?®*%?* from the
Phillips—Van Vechten two-band dielectric model. These
values are equal to the enthalpy of formation of the neutral
antisite defect and are listed in Table IV.

(4) The enthalpy of formation of an isolated, ionized
antisite defect [i.e., AH(Ag), AH(437), AH/B]),
and AH f(Bi‘ )] is estimated?? as the sum of the disorder
and electronic contributions. The electronic contribution is
related to the ionization energies of the isolated antisite
defect which are listed in Table II. The explicit atomistic
thermodynamic equations used to find the total enthalpy of
formation for an isolated antisite defect are collected in
Table III. Note that only the Fermi-level position is re-
quired to find the electronic contribution of the enthalpy of
formation of the full ionized antisite defect, whereas the
antisite ionization energies are required to determine the
electronic contribution for the neutral or partially ionized
antisite defect.

(5) The binding energy of an ionized, intrinsic defect
is found?* using the fully screened point charge Coulombic
energy as an estimate of the electronic contribution to the
binding energy,

Z,Z.¢

AE  ,,;=———,
coul 4175’[2

(M
where Z, and Z, are the charges of the respective point
defects being considered, r|, is the equilibrium separation
of the two point defects assuming they occupy ideal lattice
sites, and € is the dielectric constant. Assuming € = 13.1
for GaAs, ET, = 0.45eV, EX = 0.39eV, EX = 0.23 eV,
and E¥ = 0.19 eV for first through fourth-nearest-
neighbor defect separation, respectively.

(6) The binding enthalpy of a neutral divacancy
AH, (VG Vi), is 0.98 eV, as estimated’®? from the MCM
model. We assume the divacancy to have a neutral charge
state, V'3 VG, for all Fermi-level positions considered: this
assumption 1s motivated by the association of charged spe-
cies, as discussed below. The enthalpy of formation of the
neutral divacancy is found to be 1.83 eV and is calculated
according to the following expression:

AH/( V;;Vé_‘)zAHf( V;,) -+ AH[( VG—I)
- AHb( VAS Jél) - cgul' (8)
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(7) The enthalpy of migration, AH,, is estimated?®2¢
via the ballistic model (BM) of atomic migration. The
migration enthalpies for GaAs from the BM are as follows:
AH™(Ga) =091 eV,  AH™(Ga) =241 eV,
AH,'(As) =0.97 eV, and AHZ"(As) = 2.59 eV, where
the superscript indicates nearest- or second-nearest-
neighbor hopping and the parentheses indicate which atom
hops.

It is appropriate to make several comments regarding
the assumptions of the present analysis. Perhaps the most
difficult aspect of defect energetics calculations is to accu-
rately account for the binding enthalpy of a defect com-
plex. Binding enthalpy is the difference in enthalpy be-
tween the isolated point defects which comprise a defect
complex and the enthalpy of the defect complex itself. For
a stable defect complex, the enthalpy cost of the defect
complex should be less than that of the isolated defect
complex constituents. In general, the binding enthalpy can
be expressed as a sum of various contributions,

AH,=AH ccironic + A gisorder + AH asiics (9)

where the subscripts describe the nature of the binding
energy contribution. The electronic contribution to the
binding energy may be estimated from total energy calcu-
lations in which exchange and correlation are included.?’
The disorder term accounts for local fluctuations in the
band gap due to antisite disorder;?>?>?* when defect com-
plexes involving antisite defects form, the disorder contri-
bution should differ from that of isolated antisites. The
elastic contribution arises from mechanical, strain energy
due to the formation of a defect complex. Since Ga and As
atoms are almost identical in size, the elastic contribution
in GaAs should be relatively small. All three of these con-
tributions will lead to a certain amount of relaxation or
reconstruction in which the defect complex constituents, as
well as the neighboring atoms surrounding the complex,
occupy positions different from their ideal lattice sites.

Having discussed the subtleties of properly accounting
for the binding enthalpy, we reiterate that our treatment of
the binding enthalpy involves accounting for the Coulom-
bic contribution to the electronic binding energy using the
fully screened, unrelaxed, point-charge approximation and
the MCM treatment to account for the divacancy binding
energy.
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also that a large activation energy is concomitant with an
exceedingly large prefactor.

The purpose of the work discussed herein is to estimate
the energetics of GaAs self-diffusion in order to elucidate
possible self-diffusion mechanisms. Self-diffusion modes in-
volving vacancies are of primary consideration, although
interstitials in the form of Frenkel pairs are invoked in the
discussion section. First, the activation enthalpies for var-
ious modes of seif-diffusion are estimated. The minimum
saddle-point activation enthalpy for vacancy self-diffusion
mechanisms occurs for 2nnh with a value of ~3—4 eV,
depending upon the location of the Fermi level. Second,
the entropy of activation for several modes of self-diffusion
is estimated. It is concluded that the magnitude of the
entropy of activation for 2nnh is consistent with normal
self-diffusion prefactors of magnitude Dy
=~ 107%10~" em®s~ . It is also shown that self-diffusion
mechanisms involving nearest-neighbor hopping (nnh)
possess very large activation entropies and energies. Al-
though the energetic analysis indicates nnh to be charac-
terized by abnormally large activation entropies and en-
thalpies, the deduced values are not in quantitative
agreement with the self-diffusion parameters reported’® by
Tan and Gosele. Furthermore, it is difficult to understand
why, if vacancies are available, self-diffusion should occur
by nnh instead of 2nnh since 2nnh is much more energet-
ically favorable. Therefore, according to our seif-diffusion
energetic estimates we conclude that if vacancies are avail-
able in equilibrium concentrations, self-diffusion should
proceed by 2nnh with self-diffusion characterized by D,
= 107°-10~"' cm?*s~ ' and E, = 34 €V. On the other
hand, if surface-vacancy generation is precluded by the fact
that diffusion occurs in the bulk, remote from surfaces and
dislocations, we suggest that the rate-limiting step of self-
diffusion is Frenkel pair generation which is characterized
by Dg = 10'-10° cm?s~"' and E, = 6 eV for cation self-
diffusion.

ii. INTRINSIC POINT-DEFECT ENERGETICS

Atomistic thermodynamics is the application of mac-
roscopic thermodynamic principles to the study of materi-
als on the atomic scale. The approach adopted in this paper
relies heavily on the work of Van Vechten, as reviewed in
Ref. 20. The underlying premise of the present work is that
microscopic identification of the point-defect complex or
defect mechanism can be accomplished by calculating the
enthalpy of formation AH, of various possible defects or
mechanisms, the one with the smallest AH, being the most
likely to occur. Although at constant temperature and
pressure the thermodynamic potential of relevance is the
Gibbs free energy AG/, it is common practice, and usually
sufficiently accurate, to neglect the entropy contribution to
AG; and to thus approximate AG, by AH, We will im-
plicitly assume this to be the case in the following treat-
ment.

The following assumptions are made in order to make
the atomistic thermodynamic analysis tractable to the
problem at hand:
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TABLE [i. Esumated ionizauon energies at 7 = 0 K of 1solated anusite
and vacancy defects in GaAs.” Energies are with respect 1o the
conduction-band mintmum for donors and the valence-band maximum
for acceptors.

Ionization energy

Defect Ionization level Charge state (eV)
G Al - /0 0.078
Bas A2 - - 0.20
A D1 o/ + 0.77
$Ga D2 +/+ + 1.00
7 A - /0 0.01
Vas D 0/ + 0.15

'See Ref. 21.

(1) The enthalpy of formation of isolated, neutral va-
cancies in GaAs f{ie, AH/(VE,) = 231 eV and
AH (V%) = 2.31 eV] are estimated from the microscopic
cavity model (MCM).20%

(2) The enthalpy of formation of an isolated, ionized
vacancy in GaAs [i.e, AHAVg,) and AH/(V )] is esti-
mated?® as the sum of the enthalpy of formation of a neu-
tral vacancy and the electronic contribution; the electronic
contribution is related to the ionization energy of the va-
cancy. The assumed ionization energies for isolated va-
cancy and antisite defects are listed in Table II. The ex-
plicit atomistic thermodynamic equations used to calculate
the total enthalpy of formation of an isolated, ionized va-
cancy are listed in Table II1. Note that the position of the
Fermi level, as well as the ionization energy of the defect,
must be known in order to establish the electronic contri-
bution to the enthalpy of formation. The enthalpies of for-
mation of neutral or ionized, isolated vacancies in GaAs
are listed in Table IV for three Fermi-level positions, E,
E,, Ey, corresponding to the conduction-band minimum,
the intrinsic level, and the valence-band maximum, respec-
tively.

TABLE I11. Summary of the thermodynamic expressions used to calcu-
late the enthalpies of formation of isolated antisite and vacancy defects in
GaAs.*® AH, denotes the disorder contribution to the enthalpy of forma-
tion.

Defect Charge state Expression used to calculate AH,

0 AHo(Gal,) + (E. — E\)) + (E. ~ Eyy)
GaAs - HO(Gaii) + (E( - EF) “+ (E, ~— EAI)
- AH(Gay,) + 2(E, — Ef)
0 AHo(AS&.) + (EDI - E.) + (EDJ - E,)
Asg, + AHo(AsS,) + (Er ~ E)) + (Ep, — E.)
+ + AHy(AsG,) + 2(Ef — E,)
v 0 AHAVG,)
o - AHAVE,) + (E, ~ Ef)
v 0 AHAVL,)
Ar -+ A”/( V:;) + (E,r - Ep)
*See Ref. 20.
*See Ref. 23.
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TAWLE 1. Summary of GaAs self-diffusion and superlattice interdiffusion data.

Gallium Arsenic
E‘ Do El
(cm¥/s) (eV) (cm?/s) (eV) Comments Reference
10’ 5.6 4x10% 10.2 Self-diffusion 1
3 Lattice-constant measurements 2
after annealing
2.1x10°? 2.1 7%x10° 4 Electrical properties measured 3
after annealing
7x 107! 3.2 Seif-diffusion 4
46 x 10°° 2605 5.5 x 10-* 3+£0.04 Self-diffusion 6-8
(=16 x 10°%) (£24x10°%
2.9%x 10° 6 Self-diffusion/interdiffusion 10-15
under intrinsic conditions
4 Si-induced superlattice 1S
interdiffusion
29 Te-induced superiattice 16
interdiffusion
4.7 Strain-free superlattice 18
interdiffusion

As reviewed by Deppe and Holonyak, these considerations
have led certain researchers to conclude that intermixing
under As-rich conditions is mediated by column-III vacan-
cies while As-poor intermixing trends are attributed to col-
umn [II self-interstitials.

The IILD trends as a function of As overpressure and
doping discussed previously should also apply to GaAs
self-diffusion. The close interrelationship between GaAs
self-diffusion and IILD is perhaps best demonstrated by
the work'® of Tan and Gésele, who found that all of the
available Ga self-diffusion in GaAs data as well as Al-Ga
interdiffusion data under intrinsic carrier conditions could
be accurately fit to

Dg,(n)=2.9%10* exp( — 6 eV/kzT)cm?s ™. (5)

Note that this relation includes the self-diffusion data’’ of
both Goldstein and Palfrey ez al. Since the Al-Ga interdif-
fusion of various investigators''~'* correlates well with Ga
self-diffusion in GaAs, it would appear that Al-Ga inter-
diffusion is rate limited by the diffusion of Ga. Further-
more, Tan and Gosele conclude that Ga self-diffusion is
controlled by the position of the Fermi level and is gov-
erned by a triply negatively charged point-defect specie,
which they attribute to a triply negatively charged Ga va-
cancy. Their contention that Ga seif-diffusion involves a
triply negatively charged defect is based on an assessment
of the experimental data'’ of Mei er al. in which they find
that for Si doping, the ratio of the extrinsic to intrinsic
diffusivity scales as the cube of the ratio of the carrier
concentration to the intrinsic concentration, i.e.,

Dgy(n)/Dgy(n;) = (n/ny)>. (6)

This cubic power dependence implies a triply negatively
ionized defect.

Mei et al. report!? a single activation energy of ~4 eV
for silicon-induced intermixing of AlAs-GaAs superlat-
tices. In further work, Mei ef al. found'® that Te-induced
AlAs-GaAs superlattice intermixing is characterized by an
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activation energy of 2.9 eV and that the diffusion coeffi-
cient scales linearly with the Te carrier concentration in-
stead of to the third power, as found for Si intermixing.
Tan and Gésele have reinterpreted'’ the Te-induced inter-
mixing data of Mei et al. assuming that not all of the Te
incorporated into the superlattice is electrically active, and
have argued that this data may be interpreted to have a
cubic dependence on the carrier concentration. Regardless
of which interpretation is correct, Mei et al.’s data is con-
vincing evidence that superlattice interdiffusion depends on
the nature of the dopant employed.

Guido er al. have demonstrated'® the importance of
encapsulation during IILD of AlGaAs-GaAs superlattices.
They found that the interdiffusion coefficient was approx-
imately one order of magnitude smaller for a Si;N, encap-
sulant compared to a SiO, encapsulant or an As overpres-
sure. This trend is attributed to the fact that Si;N, seals the
surface with respect to Ga outdiffusion and is, therefore,
not a source of vacancies. In contrast, SiO, is porous to Ga
outdiffusion and is thus an effective source of vacancies.
Likewise, an As overpressure will increase the tendency to
form column-III vacancies. Thus, this work provides evi-
dence that Al-Ga interdiffusion is a vacancy-mediated pro-
cess. Guido er al. also report activation energies of ~ 3.42
and ~3.61 eV for Si;N, and SiO,, respectively, and ~4.75
eV for an As overpressure. Ralston er al. have reported'’
an activation energy of 3.82 eV for SiO, encapsulated in-
terdiffusion. Guido et al. attribute the smaller activation
energy for SiO, or Si;N, to strain induced by the encapsu-
lant. Thus, they conclude that the activation energy for
Al-Ga interdiffusion is ~4.7 eV under strain-free condi-
tions.

A summary of GaAs diffusion and superlattice inter-
diffusion data is given in Table I. Note the iack of agree-
ment between various researchers. Although it is difficult
to draw any firm conclusions from the existent data, it
would appear that researchers deduce an activation energy
of either ~3—4 eV or of about 6 eV for Ga diffusion. Note
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Atomistic thermodynamic calculations are performed in order to examine the energetics of
self-diffusion in GaAs. An energetic assessment of the activation enthaipy of the

saddle-point configuration of various modes of vacancy self-diffusion indicates
second-nearest-neighbor hopping to be the energetically most favorable mechanism if
vacancies are available in equilibrium concentrations. An assessment of the activation entropy

2.-1

indicates that normal diffusion prefactors of magnitude Dy=10~°-10""'s, cm?s ! are
consistent with vacancy self-diffusion by second-nearest-neighbor hopping. It is proposed that
self-diffusion experiments characterized by prefactors and activation energies of large

magnitude, e.g., Dy=10"-10® cm?s ~!

and E, = 6 eV, involve processes in which surface

vacancy generation is inhibited and self-diffusion is mediated by Frenkel pair generation.

I. INTRODUCTION

The first study' of GaAs self-diffusion was performed
by Goldstein, using radioactive tracer analysis, who re-
ported the diffusivity of Ga and As to be

Dg,=1x10" exp( — 5.6 eV/kgT)cm?s ™!, (1
Dp,=4Xx10* exp( — 10.2 eV/kpT)cm?s ™. (2)

Goldstein comments that these activation energies and
prefactors are among the largest in the existent literature.
Potts and Pearson?® estimated an activation enthalpy of 3
eV for As vacancy migration in GaAs from lattice constant
annealing experiments and note that their estimate is at
odds with Goldstein’s reported value of 10.2 eV. In later
work, Chiang and Pearson reported’ activation energies of
2.1 and 4.0 eV for gallium and arsenic vacancy migration,
respectively.

Kendall questions* the accuracy of Goldstein’s self-
diffusion coefficients, pointing out that self-diffusion in
GaAs proceeds at an exceedingly slow rate and that there
are formidable experimental difficulties which preclude ac-
curate assessment of these quantities. He also asserts that
Goldstein’s estimates are too low because of problems as-
sociated with the incongruent evaporation of As from the
GaAs surface. From a limited number of isolated data
points obtained from radioactive isotope measurements,
Kendall estimates an As self-diffusion activation energy of
3.2 eV.

The most recent experimental work on GaAs self-
diffusion was reported®’ by Palfrey er al. and reviewed® by
Willoughby. Radioactive tracer experiments were per-
formed at a constant As pressure [P(As,) = 0.75 atm] over
a temperature range of 1025~1100 °C for Ga self-diffusion
and 1000-1075 °C for As self-diffusion with the resulting
diffusion coefficients as follows:

Dg,=(4X10°£16X 10~ *)exp( — 2.6
0.5 eV/kgT)cm?s ', (3)
Dy=(55x10"*%£2.4%10"*)exp( — 3.0
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+0.04 eV/KpT)cm?s !, (4)

For Ga self-diffusion, Palfrey er al. conclude® that there is
a single mechanism operative rather than a complex one
but that the diffusion mechanism cannot be concluded de-
finitively from their data. They note that the very slow rate
of self-diffusion and high activation energy is inconsistent
with a simple interstitial mechanism and that the observed
magnitudes of these quantities can be interpreted as evi-
dence for some type of vacancy mechanism. For As self-
diffusion, Palfrey er al. note that an increase in the As
overpressure to P(As;) = 3.0 atm results in a decrease in
the As diffusivity at a constant temperature. They note that
this decrease in the diffusivity with increasing As pressure
is inconsistent with interstitial diffusion, As migration via
Asg, antisite defects moving exclusively on the Ga sublat-
tice, and with diffusion via Asg,-V,, pairs. In contrast,
such an As pressure dependence is consistent with As
serond-nearest-neighbor hopping (2nnh).

New insights into the nature of GaAs self-diffusion
have been obtained recently from impurity-induced layer
disordering (IIID) studies of AlGaAs/GaAs quantum-
well heterostructures (QWHs) and superlattices (SLs), as
reviewed® by Deppe and Holonyak. For example, anneal-
ing experiments of QWHs indicate that under As-rich con-
ditions intermixing occurs, as monitored by cation migra-
tion, for n-type materials whereas p-type QWHs remain
stable and exhibit no intermixing. In contrast, under As-
poor conditions, p-type QWHs undergo intermixing but no
intermixing occurs when the doping is n type. Cation mi-
gration, and hence intermixing, of QWHSs depends upon
the As vapor pressure because diffusion is mediated by
native defects whose concentration is a function of the As
pressure. As-rich conditions favor the formation of As an-
tisites, column-II1 vacancies, or As interstitials whereas
As-poor conditions favor the formation of column-III an-
tisites, As vacancies, or column-III interstitials. Addition-
ally, as discussed further later in this paper, n-type doping
favors the formation of acceptor defects whereas p-type
doping makes donor defects energetically more favorabie.

© 1991 American Institute of Physics 3022
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Taking the partial derivative of eqn. (B2) with respect to T at constant V and
multiplying by ks T? gives

ksT2[d(InZ,)/0T], =3keT+KE,,. (B3)

Taking the partial derivative of eqn. (B2) with respect to V at constant T and
multiplying by kg TV gives

kgTV[3(nZ)/0V]r=ksT (B4)
Substitution of eqns. (B 3) and (B4) into eqn. (B 1) yields
H,=4lkyT+KE,,. (BS)
Now evaluate H; by finding the natural logarithm of Z; as given by eqn. (26):
InZ;= —3{hvp/kgT+In (1 —exp(—hvp/kgT)]}. {(B6)

Taking the partial derivative of eqn. (B6) with respect to T at constant V and
multiplying by kgT? gives

ks T2[8(In Z)0T]y =3hvp{}+1/[exp(hvp/kgT) - 1]}. (B7)
The partial derivative of Z; with respect to V is zero so that
H;=3hvp{}+1/[exp(hvp/kgT)—1]}. (B8)

From egns. (B 5) and (B 8) we obtain the desired result:
AH,=H,— H,=KE,_, +3}kgT —3hvp{3+ 1/[exp(hvp/kgT)— 11} (B9)

APPENDIX C

EVALUATION OF AS,,
The standard statistical thermodynamic expression relating the partition function
to the entropy is given by

S=kg{lnZ+ T[d(n 2)/3T),}. (C1)
Multiplying eqn. (B 2) by kg, dividing eqn. (B 3) by T, and adding these together give
S,=4kg+kgln {[1/45%2n)" 2} (kg T/KE,) "*[(2nmekg T)*'2V/h*]}. (C2)

Note that ¢=2-718 and this term enters into the second set of square brackets from an
additional § kg term that was partitioned from the 7 kg term in eqn. (B 3)and rewritten as
$kg = ky In (¢>'?). Multiplying eqn. (B 6) by kg, dividing eqn. (B 7) by T, and adding these
together yields

S, =3kg{(hvp/kg T)/[exp (hvp/kyT)— 1] —In[1 —exp(—hp/kg 1]} (C3)
We obtain AS,, from eqns. (C2) and (C3):
AS,, =S, —S;=4kg+kgln {[1/4%*2n)" 2 ) (kg T/KE )" "*[(2nmeky T)**V/ih*]}
—3kg{(hvpika T)/[exp (hvpikg TV — 1] —In[1 —exp(—hvp/kgT)]}. (C4)
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Employ a change in vanable,

a?=p?2mky T (A2
which leads to
© pi k)
- =(2mkoT)V/2 — ) da.
jpm.nexp< 2mk,T) dp,=(2mkgT) j ammexp( ) %) da (A3)
Break up tiic integral on the right-hand side into two integrals:
f exp(—a?)da= j exp(—a?)da— f mmexp(—a’)da. (A4)
Tmin o 0
Note that
erf(x) 2 fxexp( 3d (AS)
=— —x?)dx
Jrlo
and
erf(0)=1 (A6)
so that egn. (A 4) can be simplified to
I exp(—a?)da= -\ZZE - % erf (em;n)- (A7)

Note that the error function can be expanded (Lee et al. 1973) as
erf(x)=1 —{{exp(—x))/(rx)!}[1 = 1/2x + 1 x 3/(2x})? =1 x 3 x 5/(2x3)* +...].
(A8)

Keeping only the first two terms in the expansion (note that this approximation is valid
as long as KE_»kgT) and substituting back into eqn. (A 7) give

f " exp(—a?) da=exp(— k) (damn) 2. (A9)

Tenin

Substituting eqn (A 9) into eqn. (A 3) using eqn (A 2), and recognizing that KE,, = p2/2m
finally yields the desired result

® P mikeTP\" ( KEq
_ - _EEa) Al
f °"p( kg7 )=\ 2kE. ) P\ "Hr (A10)

Pmin

APPENDIX B
EVALUATION OF AH,,
We begin with the standard statistical thermodynamic relationship
H=kyT?[0(In 2)/3T]y + kg TV[d(In 2)/3V];. (B1)
First evaluate H, by finding the natural logarithm of Z, as given by eqn. (25):
InZ,=In[1/4%*2r)"*]+ }In (kg T/KE,) +3In (2nmkg T) +In(V/h*)—~ KE, kg T
(B2)
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interpreted as evidence for divacancy migration in addition to that of single vacancies
(for example Bocquet et al. (1983)). The present theory predicts a temperature
dependence of opposite sense to that required to account for Arrhenius plots that curve
upwards. It should be recognized, however, that the temperature dependences of the
pre-factor and activation enthalpy are given by a superposition of the formation as well
as the migration terms. Thus it is possible that an increasing formation contribution
could overcompensate for the decreasing migration component. It is more likely,
however, that the decreases in AH,, and AS, with increasing temperature are a
consequence of employing a rather crude mode! 10 estimate the vibrational entropy in
the initial configuration prior to the hop (i.e. the cntropy of the initial configuration is
estimated as that of an atom with four nearest neighbours within an Einstein solid
which is vibrating at the Debye frequency). Note from table 2 that S,. the translational
contribution to AS, evaluated at the sad¢ point, increases with increasing
temperature as does §;, the vibrational contrit .10n to AS,, evaluated at the initial
configuration. AS,, decreases with increasing temperature only because 5, increases
with temperature faster than does S,. A more realistic treatment of S; might resultin a
temperature dependence more compatibie with the hypothesis that curved Arrhenius
plots arise from the temperature dependence of the prefactor and activation enthalpy.

§4. CONCLUSIG 'S

A statistical thermodynamic derivation of i enthalpy AH,, of migration and
entropy AS,, of migration by nearest-neighbour hopping and in accordance with the
BM of vacancy migration is presented. Although the general forms of AH,,, and AS , are
similar to those given previously (Van Vechten 1975, Dobson et al. 1989), there are
correction terms to both of these quantities which arise from the statistical thermody-
namic derivation. Except at very high temperatures or for a material with an
exceedingly large Debye temperature, the corrections to AH, are of negligible
importance. In contrast, the corrections to AS,, are significant; agreement between
experimental and calculated values of AS,, for various elemental metals which are
known to diffuse via nearest-neighbour vacancy migration can only be obtained when
these corrections to AS,, are employed. The present theory predicts AH, and AS,, to
decrease with increasing temperature; this trend is attributed to the rather crude model
employed to estimate the vibrational entropy of the initial configuration.
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using experimental values of these quantities as compiled by Varotsos and Alexopoulos
(see Varotsos and Alexopoulos (1986) for a detailed review of the experimental data).
The rather wide range of experimental values for AS,,/kg is a consequence of differences
in sample preparation, experimental technique, and method of data analysis. It is clear
from an analysis of table 1 that, with the exception of Pb, the present method of
calculating AS,, via eqn. (28) gives much better agreement with experiment, and also
with the cBQ theory of Varotsos and Alexopoulos, than does the previous method
given by eqns. (4)+(6). It should be noted that the large values of AS_/kg for Pb arise
because there is only one report for the entropy of formation and this value seems
anomalously low and has a large degree of uncertainty (i.e. AS;/kg =0-7 +2-0). Thus it is
evident from table | that AS, is overestimated when computed via egns. (4)6).

According to the present theory, AH,, and in particular AS,, are temperature-
dependent quantities as evident from eqns. (27) and (28). The temperature dependence
of these quantities is indicated in table 2 for three temperatures: T, 0-75T,, and
0-5T,,, where T, is the melting temperature. The translational entropy S, of the saddle-
point configuration and the vibrational entropy §; of the initial state are also included
in table 2. Note from table 2 that, for the metals considered, the temperature
dependence of AH, is indeed very small such that eqn. (29) is well justified.

It has often been asserted that curved Arrhenius plots arise from the temperature
dependence of the enthalpies and entropies of formation and migration (for example
Varotsos and Alexopoulos 1986). (Alternatively, curved Arrhenius plots have also been

Table 2. Entropies of translation, ionization and migration and enthalpy of migration for
various elements evaluated at T,,, 0-75T,, and 0-5T,,, where T, is the melting temperature.

Temperature AH,,

Element (K) S,/kg Si/kg AS,/kg eV)
Al 933 727 536 191 0716
Al 700 676 452 224 0719
Al 467 605 337 268 0722
Cu 1110 862 654 208 0-864
Cu 833 812 5-68 244 0869
Cu 555 7-41 449 292 0873
Ag 1234 10-01 812 1-89 0-803
Ag 926 9-51 725 226 0-809
Ag 617 8-80 604 276 0815
Pb 601 10-28 823 2:05 0497
Pb 450 9-7 7-38 239 0-500
Pb 300 905 616 2-89 0-503
Na 3N 657 5-58 099 0101
Na 278 6-07 473 134 0102
Na 158 508 3-56 1-52 0103
Li 454 439 3-90 049 0095
Li 340 3-89 30 0-80 0095
Li 227 318 2:02 116 0094
K 1204 10-23 10-75 -052 0074
K 903 972 9-89 -017 0080
K 602 9-02 867 035 0087
w 3683 12-30 9-66 264 3010
w 2762 11-80 880 3-00 3119
w 1842 11-09 7-59 3-50 3138
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temperature derivatives of the normal translational partition function enclosed within
the curly brackets in eqn. (25), a 1k T contribution from the temperature derivative of
the (kg T/KE_)!/* term in eqn. (25) and a k4 T contribution from the volume derivative
of the normal translational partition function enclosed within the curly brackets in
eqn. (25). The second correction term is recognized as the vibrational energy of an
Einstein solid evaluated at the Debye frequency; this term arises from the temperature
derivative of the vibrational partition function Z; Except at a high temperature or
when the Debye temperature is very large, the correction terms will be quite small and.
to first order,

AH,~KE,, (29)

The migrational entropy AS,, is also the same as that proposed previously (eqns. (4)6))
but with a correction term of 1 kz and an additional iogarithmic correction. In order to
assess the importance of these correction terms to AS,, which arise from the statistical
thermodynamic derivation, a comparison between AS,, values for elemental metals
calculated via the previous method (Dobson et al. 1989) and by the present method is
indicated in table 1. Also included in table 1 are AS,, values calculated according to the
cBQ model (Varotsos and Alexopoulos 1986); these values are in good agreement with
values deduced experimentally although it should be emphasized that there is often a
wide range of variation in values of AS,, deduced experimentally. The elemental metals
listed in table | were chosen because of the availability of experimental data for AS,,
and since it is well established for these metals that. at temperatures well below the
melting temperature, self-diffusion occurs by nearest-neighbour hopping of single
vacancies (Bocquet, Brébec and Limoge 1983).

The importance of the correction terms which arise from the statistical thermody-
namic dernivation is clearly established in table 1 in which the present theory is
compared with the previous theory of Dobson et al., to the ¢cBQ theory of Varotsos and
Alexopoulos, and to experimental values of AS_ as compiled by Varotsos and
Alexopoulos. Except for Cu, the experimental values for AS /kg indicated in table | are
obtained by subtracting the entropies of formation from the entropies of activation

Table 1. Migration entropies of various elemental metals calculated according to the theory of
Dobson et al. (1989), Wager (this work), and Varotsos and Alexopoulos (1986). The
experimental values are taken from Varotsos and Alexopoulos.

AS./kg
Experimental
(Varotsos and (Varotsos and
Element  Dobson er al.t This workt Alexopoulos) Alexopoulos)
Al 527 224 299 2141
Cu 547 244 1-72 1-65, 225
Ag 525 226 x0-23 x2-35
Pb 543 2:39 237 22:5-59
Na 374 1-02 1-32 x14-33
Li 353 08 06 =05-2
K (low T) 2:29 -017 ~-003 x=001
w 6-05 300 1-7-2-1 x12-34

t AS,, kg is calculated using three-quarters of the melting temperature for ail elements except
Na which is calculated using 361 K.
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Next we must evaluate the p, and p. integrals. These two integrals are of the same
form so that we shall focus just on the p, integration. The limits of integration are 0 and
Pmaxs Where p_. represents a maximum kinetic energy, as yet to be determined, in a
direction perpendicular to the hopping direction. The p, integration becomes

Pmas 2 Amax 1/2
b - vz | o 2y 4y [ TmkeT
jo exp< Imkg T) dp,=(2mkyT) fo exp(—a*)da= (————2 ) erf (Cpmay)-

(22)

If we require the initial trajectory of the hopping atom in the y and z directions to be
such that the hopping atom avoids bumping into the neighbouring butting atoms, this
places the following constraint on p,,:

Prmax <(2mKE_ )72, (23)

Also, if p},./2m21:5kgT (a requirement virtually always met in practice), then
erf(ay,,,) = | such that the p, (and also the p,) integration becomes

Pmax 2 1/2
b - nmkg T
.fo """( 2mk.,r>d”’*< )" 29

Two points should be noted. First, the approximation that erf(x,,)=~1 is
equivalent to letting x,,, equal infiniy. Second, a normal translational degree of
freedom gives a factor of two in the numerator instead of in the denominator as found in
eqn. (24); this is a consequence of having integration limits — oo, 20 foi the normal
transiational degree case in which the particle can be travelling in either direction
whereas only one direction is possible for the case considered herein.

Finally eqns. (19), (21) and (24) may be substituted into eqn. (18), which yields

Z,=(1/4%"*/ 2 kg T/KE )" *{[(2rmkg T)*>'?/h>]1V } exp(— KE/ka T). (25)

Note that the term enclosed in the curly brackets is the translational partition function
for a particle in a three-dimensional box, except for a factor of ¢*’2 where e=2-718.

Now we must find the partition function of the hopping atom in its initial state. We
assume that this is simply the partition function for a harmonic oscillator with three
degrees of freedom vibrating at the Debye frequency (Lee et al. 1973):

Z,={exp(— hvy/2kgT)/[1 —exp(—hvp/kgT)1}>. (26)

3.4. The migrational entropy and enthalpy
Now that we have obtained the partition functions for the initial and saddle-point
configurations, the standard statistical thermodynamic relationships may be employed
to find AH_, and AS,, (see Appendices B and C) with the final results as follows:

AH,=KE_, + 1 kg T —3hvp{4 + 1/[exp(hvpkg T)— 1]} 27
AS=ikg +kgIn([1/4¥%2m) 2] (kg T/KE,,)"*{[(2nmekg T)>*/h*]V })
—3kg{(hvp/kgT)/[exp (hvpike T)— 1] —In[1 —exp(—hvpikgT)]}.  (28)

Several important points need to be made with respect to these expressions. First,
the enthalpy AH, of migration deduced from the statistical thermodynamic derivation
1s that of the original BM proposal of Van Vechten with the addition of two correction
terms. The first correction term LkgT arises from a $kg7T contribution from the
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3.3. The partition functions
In order to find AH,, and AS,,, we must first deduce the partition functions for the
initial and saddle-point configurations, Z; and Z, respectively. To do this we employ
the classical partition function for the saddle-point configuration:

1 —
2= J' j exp( "“"”"”""”"”’”””)dq,dq,dq,dpxdp,dpz, (16)
WP, . keT

where H, is the Hamiltonian of the hopping atom at its saddle-point configuration and
the integrations are over generalized coordinates and momenta. According to the BM
assumption the migration barrier is mainly kinetic in origin so that the potential energy
in the Hamiltonian is neglected:

H,=T,+ U, T,=(p} +p} + p?)/2m, (17

where T, and U, are the kinetic and potential energies respectively of the hopping atom
at its saddle point and m is mass of the hopping atom. Substituting eqn. (17) into
eqn. (16) and rearranging yields

—p?

Z——J. J J- dq,dq,dq,jexp( Tk T)dp,J‘exp<2 T>dp,
x | exp ~p: >dp.. (18)

2mkgT :

The first triple integral is just a volume integral which represents the volume of the ‘box’
that the hopping atom sees when it is at its saddle-point. When the hopping atom is at
its saddle-point, it is displaced partially into the volume of the vacancy that it will fill
when the hop is accomplished. Additionally, new volume is created behind the hopping
atom as it is displaced away from its initial equilibrium position. From these
considerations, it seems reasonable that this volume is greater than that of a single
vacancy but less than the volume of two isolated vacancies. If we denote this volume by

V¥, we note that
f J I dq,dq,dq.=V. (19)
s J Ay J §s

Now we must evaluate the momentum integrals. Assume that the atom hops in the
x direction which is collinear between the initial and final states. According to the BM
hypothesis, the atom is constrained from hopping unless it possesses a kinetic energy
greater than KE,. This minimum kinetic energy for hopping corresponds to a
minimum momentum p,;, given as

Prmin =(2mKE)"/%. (20)

Therefore the limits on the p, integration correspond to atoms with kinetic energies
greater than KE_, such that the p, integral becomes

o p2 Z(k T)J 1/4 _KEm>
- . 21
j ,,..“"( 2mkar>d’" (4KE A .

Evaluation of this integral, as indicated by the right-hand side of the above equation. is
given in Appendix A.
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curves in that the ordinate is total energy instead of potential energy (e.g. the difference
between the initial and final state is a potential energy difference while it is a kinetic
energy difference between the initial and activated complex state).

We can write an expression for the rate of the forward reaction specified by eqn. (7)
by noting that it is the rate at which the activated complexes break up in their final
states:

rate=d{A.}/dt=k[A,], (8)

where the square brackets denote concentrations and k' may now be interpreted as
the average time required for an activated complex to break up. Because of the
assumption of equilibrium between the initial and activated complex states we can
define an equilibrium constant as follows:

K, =[AJ/[A] 9
Solving for [A,] in eqn. (9) and substituting into eqn. (8) yield
d(Ac]/dt=kK,,[A;] (10)
From eqn. (10), we can identify the overall first-order forward rate constant k as
k=kK,. (1

From ordinary thermodynamics, we can relate the equilibrium constant to the Gibbs
free energy AG,, of migration as

K, =exp(—AG,/kgT). (12)
Substituting eqn. (12) into eqn. (11) yields
k=k, exp(—AG,/kgT)=k,exp(AS,/kg)exp(—AH /kyT), (13)

where we have expressed the Gibbs free energy of migration in terms of the
corresponding enthalpy and entropy of migration. Equation (13) represents the
thermodynamic formulation of absolute-rate theory for the specific case of vacancy
nearest-neighbour hopping. The remainder of this section is devoted to the evaluation
of kg, AH_, and AS,,.

3.2. The attempt frequency

First, consider k. As noted before, the inverse of this quantity represents the
average time required before an activated complex breaks up, that is before the
vibration of the surrounding atoms removes the path of small potential energy between
the initial and final positions. Thus it represents the lifetime of the hopping atom in its
saddle-point configuration during the hop. A reasonable estimate of this lifetime would
be the average zone-boundary vibrational period which we estimate as the inverse of
the Debye frequency such that

ky < kg©@p/h. (14)
Alternatively, we could estimate k,, as corresponding to the universal rate constant:
kyoxkyT/h. (1%)

Although we prefer the former estimate since it is a more accurate estimate of the
vibrational fluctuations which drive solid-state diffusion, the latter estimate could also
be employed and would yield essentially the same results.
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Therefore, according to the model of Dobson et al., the entropy of atomic migration is
given by eqns. (4)(6) while the kinetic energy contribution to the enthalpy of migration
is given by eqn. (3), as proposed by Van Vechten.

§3. STATISTICAL THERMODYNAMICS OF BALLISTIC HOPPING
3.1. The rate-constant equation
We adopt the approach of classical absolute rate theory (Beatty and Scamehorn
[977) and consider nearest-neighbour hopping as follows:

kin ket
Ai = As—’ Af, (7)
kei

where A, denotes the hopping atom in its initial state prior to the hop, A, denotes the
atom at its saddle-point configuration and A, denotes the atom in its final state after the
hop. k;, and k,; are the respective forwurd and reverse first-order rate constants for an
atom going between its initial and saddle-point configuration, while k. is the first-order
rate constant of the saddle-point configuration decaying into its final state. Note that
we make the usual assumption of equilibrium between the initial state and its saddle-
point configuration, which is also sometimes called an ‘activated complex state’.
This vacancy hopping reaction is depicted in fig. 1. Note that the initial and final
states need not occur at the same energy if the sites are not equivalent; in compounds,
nearest-neighbour hopping leads to an asymmetry between the energies of the initial
and final state because of the creation or annihilation of antisite defects concomitant
with hopping. Also note that fig. 1 differs notably from typical absolute-rate theory

Fig. 1
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§2. THE BALLISTIC MODEL FOR VACANCY MIGRATION

The physical picture adopted in the BM is as follows (Van Vechten 1975). At
temperatures above the Debye temperature ®y, the thermal vibrations of the atoms
surrounding a vacancy fluctuate with a characteristic frequency given approximately
by the Debye frequency vp=kg®p/h, where ky is Boltzmann’s constant and h is
Planck’s constant. Periodically these thermal fluctuations conspire to provide a path
for an atom to hop into the vacancy at a cost of very little potential energy. The venue
for this path is limited by the thermal motion of the surrounding atom to a period of the
order of the zone-boundary phonon period of the host lattice, which is proportional to
the Debye period v '. For an atom to migrate successfully it must make the hop within
the lifetime of the favourable venue. This requires a minimum velocity of the hopping
atom to be

v=vpd, 1)

where d is the distance between lattice sites. This velocity corresponds to a kinetic
energy

KE =4imv?, (2)

where m is the mass of the hopping atom. Thus, since the potential energy that the atom
must overcome 1s assumed to be quite small during this favourable venue, the kinetic
energy of migration, to a good approximation, is given by

KE,,=imv? =4im(Fdvy)?, 3)

where F is a geometric constant equal to 0-8 for b.c.c. crystals and 09 for f.c.c. and h.c.p.
crystals. Note that we denote this as the kinetic energy KE,, of migration while it was
originally denoted as the enthalpy AH_, of migration, we anticipate the inclusion of
more terms in the expression for AH,, which arise from the statistical thermodynamic
derivation.

In order to calculate the entropy of migration, the BM treatment was extended
(Dobson et al. 1989). At temperatures above the Debye temperature an atom on a
normal lattice site can be modelled as a simple harmonic oscillator vibrating at the
Debye frequency. The entropy associated with this vibrating atom can be calculated
from statistical thermodynamics (Lee, Sears and Turcotte 1973) and is given by

S, /kg=3{(hvo/ks T)/(exp(hvp/kaT)— 1] —In[1 —exp(—hvp/ks )]}, (4)

where the factor 3 is due to the three degrees of freedom of the oscillating atom.

According to the BM, during the limited venue that the atomic migraiion actually
occurs, that is when an atom moves through the saddle-point configuration, the
hopping atom is, to a good approximation, a free particle moving ballistically. Thus for
this brief period of time the vibrational modes are replaced by translational modes. We
can calculate the translational entropy using the particle-in-a-box approximation
(Lee et al. 1973):

S/kg=In[(2remk,T)¥?/h31V, (5)

where e = 2718 and V is the volume of the box which we take to be the volume occupied
by two nearest-neighbour atoms. The entropy of migration of an atom hopping into a
vacancy is thus given by

AS,=S,-8§.. (6)




PHILOSOPHICAL MAGAZINE A, 1991, VoL. 63, No. 6, 1315-1326

A statistical thermodynamic derivation of the
ballistic model for vacancy migration

By J. F. WAGER

Department of Electrical and Computer Engineering,
Center for Advanced Materials Research,
Oregon State University, Corvallis, Oregon 97331, USA

[Received 2 May 1990t and accepted 1 July 1990)

ABSTRACT

A statistical thermodynamic derivation of the enthalpy and entropy associated
with vacancy migration by nearest-neighbour hopping is presented. The derivation
is in accordance with the ballistic model hypothesis that the migration energy is
kinetic in origin for vacancy nearest-neighbour hopping. It is shown that the general
form of the enthalpy and entropy of migration is qualitatively similar to, but not
identical with that given previously. Except at a very high temperature or when the
Debye temperature is very large, the correction of the migration enthalpy arising
from the statistical thermodynamic derivation i- f negligible importance. The
entropy correction is, however, significant and mu:. .»c employed in order to obtain
agreement with experimental values of the migrational entropy for elemental metals
known to diffuse by nearest-neighbour vacancy migration.

§ 1. INTRODUCTION

The ballistic model (BM) for vacancy migration was originally proposed (Van
Vechten 1975) as a means of estimating the enthalpy AH |, of migration for vacancy
nearest-neighbour hopping. The essential postulate of the BM is that the migration
barrier may be envisaged as a kinetic energy barrier, instead of a potential energy
barrier, as is assumed in most models. The BM model assumption has recently been
employed (Dobson, Wager and Van Vechten 1989) to calculate the entropy AS,, of
migration for vacancy nearest-neighbour hopping. In the spirit of the BM, AS,, was
calculated as the difference between the translational entropy of the hopping atom in its
saddle-point configuration and the vibrational entropy of the hopping atom in its
equilibrium position prior to the hop. These two contributions to the migration
entropy were calculated using standard statistical thermodynamic expressions.

The present work presents a statistical thermodynamic derivation of the BM. There
are several factors which motivate this derivation. First, we wish to establish the BM on
firm theoretical grounds from a classical absolute-rate theory point of view. Second, the
statistical thermodynamic derivation leads to new insight into the physics inherent in
the BM assumptions. Third, explicit expressions for AH_ and AS,, are deduced which
are then compared with those given previously. It is shown that the statistical
thermodynamic expressions are similar to, but not identical with, expressions given
previously.
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ABSTRACT

Thermodynamic and kinetic aspects of anion vacancy self-compensation of p-type layers in three
compound semiconductors, GaN, ZnSe, and SiC, are considered. Thermodynamic considerations indicate
that SiC p-type layers are thermodynamically stable, whereas GaN and ZnSe p-type layers are
thermodynamically unstable, with respect to anion vacancy self-compensation. Hence, if GaN and ZnSe
compound semiconductor devices with p-type layers are to exhibit long-term stability, it is important that
kinetic barriers be established which preclude the supply of anion vacancies to the p-type layer. Kinetic
strategies for minimizing anion vacancy self-compensation include growing p-layers free of grain
boundaries and dislocations, placing the p-layers remote from surfaces, and embedding the p-layer in

heavily n-doped regions.
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1. INTRODUCTION

There is a resurgence of interest in wide band gap semiconductors (Bhargava 1989, Kukimoto
1989). This is partially motivated by recognition of the potential of these semiconductors for applications
such as visible displays, visible/ultraviolet optical sources or detectors, and high-temperature electronic
devices. However, recognition of the technological potential of these materials is not the primary reason
for this recent increase in research activity. Rather, it is primarily driven by the emergence of new
process technologies, the utilization of non-traditional dopants, and the adoption of new doping strategies
which have led to the attainment of low-resistivity, n- and p-type doping in wide band gap semiconduc-
tors.

Until recently, it has been very difficult to obtain low-resistivity, n- and p-type layers for many
wide band gap semiconductors. Certain semiconductors (e.g., ZnSe, ZnS, CdS, GaN) exhibit a
propensity for only low-resistivity, n-type doping whereas other semiconductors (e.g., ZnTe) tend to give
rise to exclusively low-resistivity, p-type doping.

This inability to achieve bipolar doping in many wide band gap semiconductors is attributed (Aven
and Devine 1973, Park anc-i Shin 1977) to the low solubility (Kroger 1964, Neumark 1989) or the high
ionization energy of dopants, to impurity compensation (Henry, Nassau, and Shiever 1971), or to one
of several kinds of self-compensation (Mandel 1964, Neumark 1980, Van Vechten 1980, Chadi and
Chang 1989).

The first purpose of the work described herein is to explore the thermodynamics of a specific
Fermi-level-driven vacancy self-compensation mechanism for three wide band gap semiconductors, GaN,
ZnSe, and SiC. According to these estimates, p-type doping in GaN and ZnSe is thermodynamically
unstable with respect to anion vacancy self-compensation whereas p-type doping is found to be
thermodynamically stable for SiC.

Thermodynamics is not the entire story, however, since thermodynamically unstable material

systems can be rendered metastable if an appropriate kinetic barrier exists. An obvious example of such




a situation is carbon in the form of diamond which is unstable (actually, metastable) with respect to the
thermodynamically more stable graphite state; it is the existence of a large kinetic barrier which impedes
the spontaneous transformation of diamond to graphite. Thus, the second purpose of the present paper
is to explore the anion vacancy self-compensation kinetics of GaN and ZnSe in order to estimate the
potential stability of devices fabricated using these wide band gap semiconductors whose p-type doping
is unstable with respect to anion vacancy self-compensation. Our assessment of the self-compensation
kinetics suggests that it will be extremely difficult to manufacture stable GaN or ZnSe devices with low-
resistivity p-type layers unless these devices are designed in a manner such that anion vacancy diffusion
to the p-type layers can be suppressed.

The Fermi-level-driven vacancy self-compensation mechanism invoked in our analysis is not
presumed to universally account for all problems associated with bipolar doping in wide band gap
semiconductors. Rather, it is believed that the compensation of certain wide band gap semiconductors
may be attributed to this mechanism. It is also believed that this mechanism may play an important role
in establishing the long-term stability of devices tabricated using certain wide band gap semiconductors.
Finally, it is hoped that the basic thermodynamic/kinetic approach utilized in this paper may provide a
conceptual framework from which to evaluate other instability mechanisms and, perhaps, to lead to the
implementation of new strategies for obtaining larger kinetic barriers, thus, resulting in improved device

stability.

2. THERMODYNAMICS OF VACANCY SELF-COMPENSATION

The analytical formulation employed herein to account for vacancy self-compensation relies only
on knowing the enthalpy of formation, AH;, of the appropriate vacancy. AHg of an isolated, ionized
vacancy is envisaged (Van Vechten 1975a, Van Vechten 1980, Dobson and Wager 1989, Wager 1991)
as the sum of the enthalpy of formation of a neutral vacancy and an electronic contribution which is

related to the ion.zation energy of the vacancy;




AH(V? = AH(V*) + AH (V?) (1
where the superscript z denotes the charge state of the vacancy and x denotes the vacancy as neutral. The
thermodynamic stability of a semiconductor with respect to vacancy self-compensation is simply assessed

by the condition

AH/(V?) = 0 )
which establishes the critical Fermi-level position, denoted Ef;"“, beyond which it is more energe:ically
favorable to create new, self-compensating vacancies rather than to modulate the Fermi-level closer to
the appropriate band edge. It is most convenient to illustrate this approach with specific examples.

Consider the case of p-type, acceptor doping in GaN. A bulk energy band diagram relevant to such
a situation is indicated in Fig. 1. The nitrogen vacancy, Vy, a single donor with an ionization energy
of approximately 0.05 eV (Madelung 1982) with respect to the conduction band minimum, E, is relevant
for the p-type doping case under consideration. The 0/+ convention employed in Fig. 1 refers to the
ionization state of the level when the Fermi-level is sufficiently far above or below the ionization level.
Note that the energy separation shown in Fig. 1 is not drawn to scale. In Fig. 1, the valence band
maximum, Ey, is taken as the energy reference. The band gap indicated in Fig. 1 is that of room
temperature. In our analysis the relevant temperature is that of device operation, approximated by room
temperature, and not the semiconductor growth temperature since our primary concern is with the long-
term stability of compound semiconductor devices.

The expression for the enthalpy of formation of Vi corresponding to Egn. 1 is (Dobson and Wager

1989, Wager 1991)

AH|(Vy) = AH(VY) + (Bp - Ep) . &)

EE™ is found by setting AH{(V) = 0 in Eqn. (3) to yield

Eg™ = By - AH(Vy) . @




From Fig. 1, Ep = 3.39 eV and according to Van Vechten’s microscopic cavity model (MCM) (Van

Vechten 1975a, Van Vechten 1980), AH(VY) = 1.99 eV so that Eqn. (4) gives

E<™(GaN, p-type doping) = 1.4 eV . &)

Equation (5) is the condition for the onset of self-compensation in GaN by nitrogen vacancy creation;
Eqn. (5) implies that when the acceptor doping density is large enough that the Fermi-level is less than
1.4 eV above Ey;, it is energetically more favorable to create nitrogen vacancies which compensate any
additional acceptors. Alternatively, Eqn. (5) is interpreted as the energy at which the Fermi-level is
pinned at high acceptor doping concentrations, assuming that equilibrium prevails. It is crucially
important to realize that Eqn. (5) does not mean that Eg in GaN cannot be positioned closer to Ey, than
1.4 eV; rather, the message of Eqn. (5) is that if Eg is less than 1.4 eV, our estimate indicates that this
situation is not thermodynamically stable with respect to Vi self-compensation. Thus, our analysis
precludes the attainment of equilibrium, low-resistivity, p-type layers in GaN because of the unfavorable
energetics of anion vacancy self-compensation.

Now consider the case of p-type, acceptor doping in ZnSe, whose energy band diagram is
illustrated in Fig. 2. The selenium vacancy, Vg, is a double donor with ionization energies of
approximately 0.02 eV and 0.3 eV with respect to Ec (Shirakawa and Kukimoto 1980, Ito and Okada

1985). Therefore, the ZnSe equivalent of Eqn. (1) is (Dobson and Wager 1989, Wager 1991)

AHf(VSZJ) = AHf(VS:) * (B - Epy) + (Bp - Byy) - ©)

Eg™ is found by setting AH{(V3}) = 0 which results in

E™ - % [y + Epy - AH(VS)] . ©)

Using Epy; = 2.68 eV, Ep, = 2.4 eV from Fig. 2 and AH{(V§,) = 2.56 eV from the MCM estimate

(Van Vechten 1980) yields




E:*(ZnSe, p-type doping) = 1.3 eV . (8)
Similar to GaN, our vacancy self-compensation analysis indicates that it is not possible tv obtain low-
resistivity, p-type ZnSe layers under equilibrium conditions.

Finally, consider the thermodynamics of vacancy self-compensation for cubic SiC under p-type,
acceptor doping. Figure 3 illustrates the bulk energy band diagram. The carbon vacancy, V¢, is taken
to be a simple donor (More, Ryu, Carter, Bentley, and Davis 1985, Li and Lin-Chung 1987, Talwar and
Feng 1991) with an ionization energy Ep = 1.66 eV (Talwar and Feng 1991). It should be noted that
Ep has also been estimated as 0.54 eV (Li and Lin-Chung 1987). Even though there is a large disparity
of these estimates of Ep such that the V. donor ionization energy should be considered uncertain, our
conclusion regarding the vacancy self-compensation stability of SiC with respect to p-type doping is
independent of which estimate of Epy is used.

The SiC equivalent of Eqgn. (1) is

AH((V¢) = AH(VE) + B - Ey) - )

Setting AH{(V &) = 0 gives

Eq™ = Ep - AH(VY) . (10)

The MCM estimate for AH(VE) is 2.25 eV (Van Vechten 1980) so that

Es™ = -0.59%V . (11
This large, negative estimate for Ef:"‘ implies that, in contrast to GaN and ZnSe, SiC is stable with
respect to anion vacancy self-compensation under strong p-type doping. Thus, according to the present
analysis it is possible to obtain equilibrium, low-resistivity, p-type SiC layers without being constrained
by the energetics of anion vacancy self-compensation.
In summary, thermodynamic arguments are presented which indicate GaN and ZnSe to be

thermodynamically unstable, whereas SiC is found to be stable, with respect to anion vacancy self-




compensation under strong p-type doping. It should be noted that a similar analysis under strong n-type

doping indicates that GaN, ZnSe, and SiC are all stable with respect to cation vacancy self-compensation.

3. KINETICS OF SELF-COMPENSATION IN GaN AND ZnSe

The conclusion of the previous analysis is that p-type doping in GaN and ZnSe is not thermodynam-
ically stable with respect to anion vacancy self-compensation. Hence, the challenge facing the fabrication
of stable GaN and ZnSe devices which employ low-resistivity, p-type layers is to devise strategies for
obtaining suitable kinetic barriers which render these layers adequately stable (i.e., stable in a kinetic
sense, not a thermodynamic sense).

Our kinetic assessment begins by assuming the existence of a low-resistivity, p-type GaN or ZnSe
layer which is incorporated into a device structure. The growth of such a p-type layer will most likely
be achieved through the use of advanced crystal growth technologies, novel dopants or doping strategies,
and the precise control of stoichiometry and impurities (Bhargava 1989, Kukimoto 1989). Although the
details of how such a layer is actually grown is of no further interest for our present purposes, it is
important to note that such a low-resistivity, p-type layer is not in thermodynamic equilibrium, according
to our previous t.hefmodynamic analysis. Thus, anion vacancy self-compensation is a natural degradation
mechanism for such a device.

We consider three means by which anion vacancies can be supplied in order that self-compensation
occur in the p-type layer:

1.  Anion vacancies are generated spontaneously within the p-type layer if vacancy-
nucleation sites such as surfaces, grain boundaries, or dislocations are available to
nucleate such vacancies.

2.  Anion vacancies outside the p-type layer diffuse into the p-type layer.

3.  Anion vacancies are generated within the p-type layer by Frenkel-pair generation.




We now explore in more detail the kinetics associated with supplying anion vacancies for self-
compensation.

First, consider the case of a low-resistivity, p-type layer which is in direct contact with a surface
or which possesses a high concentration of dislocations or grain boundaries so that anion vacancies are
readily nucleated. Our previous thermodynamic analysis suggests that anion vacancies generate
spontaneously at nucleation sites since there is no thermodynamic barrier precluding their formation.
Therefore, self-compensation of the p-type layer depends on the rate at which vacancies diffuse from
vacancy nucleation sites throughout the p-type layer. The activation energy for such a process is equal
to the enthalpy of migration, AH_,, for diffusion which we estimate to be approximately 0.9 eV and
1.8 eV for anion vacancy migration in GaN and ZnSe, respectively. These AH, estimates are based on
the ballistic model for atomic migration (Van Vechten 1975b, Van Vechten 1980) assuming that anion
vacancy migration in GaN and ZnSe occurs by second-nearest-neighbor hopping (2nnh).

Consequently, we estimate the degradation activation energies to be 0.9 eV and 1.8 eV for GaN
and ZnSe devices, respectively, if degradation occurs by anion vacancy nucleation within the p-type layer.
These degradation activation energies are significantly smaller than the relevant semiconductor band gap
and it is expected that they are of an inadequate magnitude to insure the stability of such compound
semiconductor devices. Thus, the first conclusion arising from this kinetic analysis is that low-resistivity,
p-type layers should be located remote from surfaces and should be as free as possible from dislocations,
grain boundaries, or any other vacancy-nucleation sites.

The second way of accomplishing anion vacancy seif-compensation is via the diffusion of anion
vacancies from device regions outside the low-resistivity, p-type layer. Suppose that our low-resistivity,
p-type layer is completely embedded within an n-type material of identical composition to the p-layer,
thus forming a homojunction. AH; of the charged vacancies depends on the position of Eg. Recall that

AH; for a GaN anion vacancy is given by




AH((Vy) = AH(VY) + (B - Ep) (12)

whereas for ZnSe it is given by

AHI(V;;) = AHf(V;e) *+ (Bp - Ep,) * (E; - Epy) . (13)
From Egns. (12) and (13) it is evident that AH¢ for anion vacancies increases monotonically as Eg
approaches Ec until the donor is neutral. The maximum AH¢ occurs when Eg crosses the uppermost
donor ionization level, rendering the anion vacancy neutral. According to the MCM estimates (Van
Vechten 1980), this maximum corresponds to AH{VJ) = 1.99 eV and AHA{V§,) = 2.56 eV for GaN
and ZnSe, respectively. Thus, anion vacancy formation is thermodynamically more difficult in the n-type
embedding region than in the low-resistivity, p-type layer. Assuming that the n-type region is grown
relati\;ely vacancy-free, new vacancies must be generated at vacancy-nucleation sites within the n-type
layer and subsequently diffuse through the n-type region to the low-resistivity, p-type layer to accomplish
anion vacancy self-compensation. The activation energy, AH_, for this vacancy-generation, diffusion

process is given by

AH, = AH(VY) + AHZ™ . (14)

If the n-type region is heavily doped to insure that the anion vacancies are neutral, AH, is approximately
2.9 eV and 4.3 eV for GaN and ZnSe, respectively. AH, corresponds to the activation energy of device
degradation by anion vacancy self-compensation in which anion vacancies are supplied by remote
generation and diffusion. Note that this activation is maximal for n* doping of the embedding region
and is correspondingly reduced as the embedding region doping concentration is decreased.

It is not clear whether these activation energies, 2.9 eV and 4.3 eV, are of sufficient magnitude to
guarantee the stability of GaN and ZnSe compound semiconductor devices which contain low-resistivity,
p-type layers. As a rule of thumb, we believe that AH, should be greater than the semiconductor band

gap since this amount of energy is readily available from recombination of carriers across the band gap.




From this point of view, ZnSe devices appear to hold more promise in terms of long-term stability than
GaN devices. In any event, two strategies emerge from this Kinetic analysis:

1. The p-type layer should be embedded within an n-type region of high doping
concentration in order to provide a large activation energy for vacancy-generation,
diffusion.

2.  The n-type embedding region should have as large dimensions as possible to impede
anion vacancy diffusion to the low-resistivity, p-type layer.

Now consider Frenkel-pair generation, the third way in which anion vacancies may be supplied for
self-compensation of the p-type layer. Frenkel-pair generation corresponds to the creation of a self-
interstitial-vacancy pair, N;-V_ and Se;-V, for GaN or ZnSe, respectively. If we employ Van Vechten's
method (Van Vechten 1980) for estimating AH; of an anion self-interstitial, we obtain AH(N? in
GaN) = 27 eV and AH{Se* in ZnSe) = 18 eV. These estimates seem unrealistically large and certain
assumptions underlying this approach have been questioned (Morgan-Pond and Raghavan 1985).
However, ab initio pseudo-atomic orbital calculations (Jansen and Sankey 1989) also yield a large
estimate of about 12 eV for AH; of a neutral anion Frenkel-pair in ZnSe. Therefore, we conclude from
these estimates that anion Frenkel-pair generation is not likely to be an important mechanism for
supplying vacancies for the self-compensation of p-type layers in GaN and ZnSe.

In summary, because p-type doping of GaN and ZnSe is not thermodynamically stable with respect
to anion vacancy self-compensation, such p-type layers should be located remote from surfaces or other
anion vacancy nucleation sites. GaN and ZnSe device stability can also be improved if p-type layers are
embedded within n-type layers. Frenkel-pair generation is not believed to be impcrtant in determining

the stability of GaN and ZnSe devices.




4. CONCLUSIONS

The thermodynamics and kinetics of anion vacancy self-compensation is investigated for the
compound semiconductors GaN, ZnSe, and SiC. SiC p-type layers are found to be thermodynamically
stable with respect to anion vacancy self-compensation whereas GaN and ZnSe p-type layers are
thermodynamically unstable. Since anion vacancy self-compensation is an obvious device degradation
mechanism, the best means of insuring long-term stability is to employ stable semiconductors such as
SiC. If semiconductors which are unstable with respect to anion vacancy self-compensation are to be
utilized, certain strategies to improve device stability should be adopted. These strategies consist of
growing the p-type semiconductor free of vacancy nucleation sites such as grain boundaries and
dislocations, placing the p-type layers tar trom surfaces or other vacancy nucleation sites which exist in

nearby layers, and embedding the p-type layers in heavily doped n-type layers.
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FIGURE CAPTIONS

Figure 1. Bulk energy band diagram ot GaN.
Figure 2. Bulk energy band diagram of ZnSe.

Figure 3. Bulk energy band diagram ot SiC.
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