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Preface

This volume of proceedings contains manuscripts from
Symposium G, entitled "Impurities, Defects, and Diffusion in
Semiconductors: Bulk and Layered Structures.? It was held
November 27-December 1, 1989, in Boston, MA, as ;ﬁit of the 1989
Fall Meeting of the Materials Research Society. MHistorically,
Symposium G was the seventh in a series of MRS-sponsored symposia
which focused on various aspects of defects and defect properties
in semiconducting materials., The program lasted four-and-one-
half days and two evenings, .gnd consisted of 21 invited talks, 75
contributed oral presentatidns, and 104 posters, making it the
most ambitious sympdsium’held to date by MRS on semiconductor
defects. jSSymposiunr’b received gratifying response from the
international defécts, diffusion, and superlattice communities,
with work oridinating from some 25 countries, led (in descending
order) by” the United States, Sweden, Japan, West Germany, and
Frange. As organizers, we therefore owe this proceedings to the
enthusiasm and expertise so many brought to Symposium G.

~*This symposium was conceived from the view that impurities,
defects, and diffusion play key roles in modern-day research and
development of semiconducting materials, structures, and devices.
Recent breakthroughs in materials preparation with monolayer
control, in diversity and sensitivity of characterization
techniques, and in new theoretical methods, have collectively led
to great advances in the understanding of defect- and impurity-
related phenomena. _ They have also resulted in the formulation of
new, more complex\ and insightful questions. Since related
guestions may aribe\ in studies of bulk semiconductors, quantum
wells, superlattices) and homo- and heterostructures, the intent
of this symposium was\, t¢ bring together, from around the world,
experimentalists and Ytheorists working on defect problems f£:som
throughout these variQus semiconductor systems. Papers were
originally solicited in\the following broad topical areas:

~ Electronic struchure of shallow and deep-level impurities,
impurity complexey, native defects, and atomically ordered

alloys v12”

diffusion of shallow and deep-level
defects

- Self-diffusion, an
impurities and nati

~ Defect and impurity reactions and thermochemistry, stoi-
chiometry, and alloy-oxdering phenomena

~ Interdiffusion and segregation in compounds and layered
structures

~ Hydreogen-related phenomena and impurity passivation in
semiconductors

To encourage the symposium attendees to emphasize these keynote
themes, experienced contributors from each major topical area were
invited to participate. Their talks helped define the intended
conference's emphasis and f£low.

Correspondingly, this proceedings volume is organized into
16 parts, generally following the symposium order. The first S
parts deal with the Electronic Structure of various defect types

"
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in both elemental and III-V materials, as deduced largely by
spectroscopies and theory. Highlights include Prof. Grimmeiss'
comprehensive, lead-off talk on recent progress made using high-~
resolution PTIS techniques applied to point defects in Si. Other
detailed spectroscopy talks then follow, re-emphasizing the power
of optical spectroscopies in defect identification. These
include: Prof. Monemar's review talk on complex defects explored
by absorption, 1luminescence, and ODMR in S8i and III-Vs;
Dr. Smith's review of novel optical aspects resulting from heavy
shallow doping in homostructures: talks on level structure of a
wide variety of native defects and transition metals;
Prof. Thewalt's review of high-resolution Fourier-transform
luminescence in defect characterization; Prof. Wichert's talk on
perturbed angular correlation (PAC) techniques for impurity-pair
identification in Si:; numerous contributed talks on transition-
metal complexes and radiation defects in Si; and Dr. Reynold's
review of defect spectroscopy in quantum wells, as well as
contributed talks on the same topic. This was followed by
Prof. Dow's review of the recent theory of defect levels in super-
lattices, and a contributed paper.

Next, the proceedings deal with topics related to Hydrogen,
with Si hosts presented in Part 6 and I1I-Vs presented in Part 7.
Prof. Watkins sets the tone by describing elegant infrared
experiments and theory detailing H-B pairs in Si as Fermi
resonances. This is followed by other talks on experiments and
theoxry concerning microscopics of K behavior, including:
Dr. Chiarotti on molecular dynamics simulations of H motion in
crystalline and amorphous Si; Prof. Estle on the structure and
stability of muonium centers in semiconductors; Prof. Pajot on
infrared spectroscopy of H-impurity complexes in III-Vs; and a
variety of avthors on H-related passivation phenomena of dopants
in III-Vs.

The next major theme is Diffusion, with the corresponding
papers being presented in Part 8 on Si and Ge, Part 9 on compound
semiconductors, and Part 10 on superlattices. These are led off
by a review of first-principles calculations of self-diffusion and
dopant diffusion in Si by Dr. Pantelides. This is followed by
numerous contributed presentations on both theoretical and
experimental studies in Si and Ge. Topics covered include the
influence of pressure and strain on d.ffucion; transition-metal
motion; siiicide formation; impurity precipitation; the elucida-
tion of kick=-out mechanisms; and ancmalous diffusion mechanisms
and interactions in elementals. Dr. Ourmazd then carries this
theme into compounds by describing TEM studies of self- and
interdiffusion in multilayer structures; which is followed by
various experimental talks on both intrinsic and extrinsic
diffusion in both III~Vs and II-VIs. The diffusion theme is
concluded with presentations by Prof. Guido on experimental
aspects of impurity-enhanced disordering of superlattices, and by
Prof. Goesele on the theory of such impurity disordering.

The fourth major theme is DX and EL2 Centers, contained in
Parts 11 and 12, respectively. These topics are introduced by
Dr. Theis who reviews the current status of experiments aimed at
the microscopic and electronic properties of DX centers, including
those needed to test DX theories. This presentation is followed
by related talks on optical and transport experiments of both
shallow and deep DX properties, and new theoretical predictions
for DX photocapture; and Dr. Chadi's review of current prominent
DX models, including negative-U and large-lattice-relaxation
aspects. This section is concluded with possible connections
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between DX and EL2 centers in a variety of measurement and
crystal~growth talks, with recent microscopic theory of EL2 being
reviewed by Dr. Baraff, and recent experiments related co EL2
symmetry being reviewed by Dr. Trautman.

The f£ifth theme centers on III-V Doping, as presented in
Part 13. It is highlighted by Dr. Walukiewicz who discusses
recent thermochemical models of amphoteric native defects used to
interpret successfully numerous transport experiments in GaAs and
metal-semiconductor interface studies. This is complemented by
additional talks on dopant activation and precipitation in bulk
and in structures.

Theme six is Alloy Ordering, as reviewed by Prof. String-
fellow. Here he presents strong experimental and thermochemical
evidence to prove that spontaneous, atomic ordering during crystal
growth occurs broadly and quite commonly in mixed semiconductor
systems, and often arises in systems displaying miscibility gaps.
This was followed by TEM studies of related alloys showing strong
intrinsic ordering.

The seventh and final theme is Processing, with Si~ and Ge-
related papers contained in Part 15 and compound-related papers
contained in Part 16. Here, some 26 presentations describe such
diverse aspects of processing as, for example, reactive-ion
etching, rapid-thermal annealing, ion-beam etching, ion implanta-
tion, electron irradiation, oxidation, thermal quenching, ohmic-
contact formation, amorphous-layer formation, and surface-
passivation methods.

Symposium G, described above and documented in the following
Parts, achieved the main goals we, as organizers, set down. The
most important of those was the bringing together, in one meeting,
researchers from the areas of bulk defects, diffusion and
processing, and layered materials. High standards were maintained
throughout, and the symposium was well attended and well received.
We thank all the participants who made this possible.

April 1990 D.J. Wolford

J. Bernholc
E.E. Haller
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HIGH-RESOLUTION SPECTROSCOPY OF POINT DEFECTS IN SILICON

H.G. GRIMMEISS, M. KLEVERMAN AND J. OLAJOS
University of Lund, Dept. of Solid State Physics, Box 118, 5-221 00 Lund, Sweden

ABSTRACT

The paper briefly outlines recent developmentsin  h resolution spectroscopy
of point defects in silicon. One of the methods, name., photothermal ionization
spectroscopy (PTIS) is discussed in detail. Impurities induced by selenium and
several transition metals are used as examples in order to illustrate the powerful
scope of both transmission and PTIS measurements. These measurements are capable
of providing unique information on the electronic properties of point defects, even
when the defects exhibit complex excitation spectra.

INTRODUCTION

The great advances in semicorductor electronics can be traced to a unique
combination of basic conceptual advances, the perfection of new materials and the
development of new device principles. Ever since the invention of the transistor, we
have witnessed a fantastic growth in silicon technology, leading to more complex
functions and higher densities of devices such as the mega bit memories. This
development would hardly be plausible without an increased understanding of
semiconducter materials and a better insight into the important role, defects play in
most currently used devices. It is therefore not surprising that a variety of techniques
for the characterization and identification of defects in semiconductors have evolved
during the last few decades. Some of the earlier methods comprise electrical and
magnetic measurements, photoconductivity, absorption and various forms of
luminescence [1]. All these methods allowed the study of thermal “activation
energies" and/or optical threshold energies but only very rarely could absolute
values of fundamental electronic parameters be determined {2). This situation has
chaéﬁed considerably with the introduction of junction space charge techniques
(JSCT) such as photocurrent {3] and dark capacitance [4] measurements. Most of
these methods, in partict”' «r deep level transient spectroscopy (DLTS) [5], allows the
determination of defect concentrations with sufficient accuracy and the direct
measurement of electronic parameters such as emission and capture rates. Once
these parameters are known, the energy position of defects within the band gap can
be determined in terms of enthalpies and/or threshold energies deduced from the
distribution of a single optical cross section. There is no doubt that these
measurement methods provided an important breakthrough in the characterization
of defects in semiconductors.

In parallel with this development fundamental improvements were achieved in
defect identification [6]. If the chemical origin of the defect is unknown, defect
characterization is rather meaningless. It was therefore of utmost importance to
combine experimental methods for defect identification with those for defect
characterization (7].

There are several basic differences between JSCT and other characterization
methods which have been previously reviewed [8] and will therefore not be
discussed further in this paper. Instead an attempt is made to outline, very briefly,
recent developments in the characterization and identification of point defects in
silicon which have been made possible by the application of methods other than
JSCT. The focus here will in particular be limited to two methods, namely
transmission and PTIS. These two techniques are capable of providing unique
information on the electronic properties of defects. PTIS and transmission
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measurements possess many common features but nevertheless have interesting
differences. It is these differences, which among other aspects will be discussed in

further detail.

BASIC PROPERTIES OF PHOTOTHERMAL IONIZATION SPECTROSCOPY

PTIS has been used to study shallow centers for more than 20 years [9]. Only
recently has the method been applied to investigate deep defects. Basically, PTISis a
thermally enhanced photoconductivity method, consisting of an optical excitation of
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Fig. 2. PTIS spectra of indium-doped
germanium p-
temperatures from Ref. {9].
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charge carrier from the ground state into excited states of a defect followed by
thermal ionization of the excited defect (Fig. 1). The absorption of a photon may or

may not result in a positive PTIS signal
depending on whether or not the charge
carrier is finally excited into the band
continuum. Typical spectra obtained already
in 1967 for ‘indium-doped germanium at
different temperatures [9] are shown in Fig. 2.
Indium has a binding enerﬁy of 11.7 meV in
germanium. Transitions from the ground
state into the valence band continuum are
clearly seen as a broad, featureless spectrum
at energies greater than the binding energy.
On the low-cnergy side of the continuum
threshold, five lines are observed which are
caused by two-step excitation processes via
excited states. Due to the two-step excitation
processes the peak heights of the lines
Increase  with  increasin temperature,
implying that the signal of shallower levels is
favoured over the signal from deeper levels.
This interesting property and the good signal-
to-noise ratio obtained with Fourier
transform spectroscopy is more convincingly
demonstrated in Fig. 3, which shows a recent
study by Kahn {10] on the A(Cu,H)) acceptor
in high’ purity germanium. Apart from the
hydrogenated c?ipper center, the sample also
contained residual impurities, such as
aluminium, gallium and boron. The
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Fig. 3. PTIS spectrum of
germanium containing the shallow
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and the acceptor A(Cu,Hp {10




concentration of these impurities was of the order of 10°an. A closer inspection of
the spectrum due to the A(Cu,Hy) center dlearly shows that the peak height of lines
due to deeper excited states increase with increasing temperature. This particular
property of PTIS can be used to obtain information on the electronic properties of a
defect which would be otherwise difficult to obtain by absorption measurements.

Another interesting difference between PTIS and absorption is the high
sensitivity of PTIS. From previous investigations of shallow centers it is known that
under certain conditions, especially in a particular temperature range, the PTIS
signal is independent of the concentration of defects down to very low values [9]. It
has been shown that, depending on the defect it should be possible to study
impurites in germanium with concentrations as low as 10° cm “ [9). Since the
solubility of impurities often decreases with increasing binding energy [11), PTIS is
particularly important in the study of deep impurities. Furthermore, the method is
inexpensive and simple since the sample studied acts as a photon detector itself
which has great advantages for measurements in certain wavelength regions.

THERMAL AND OPTICAL STUDIES OF INDIVIDUAL EXCITED STATES

It has already been pointed out that in a certain temperature range the strenﬁth
of a PTIS signal may be strongly temperature dependent. This unique property has
recently been used [12] to provide additional experimental evidence that the center
responsible for the so-called C line in silicon is donor-like and that all lines observed
in photoluminescence and absorption [13-17] are associated with this donor. In this
paper we will demonstrate that PTIS can be used to determine thermal activation
energies of individual excited states with an accuracy better than 1 meV. This max
offer new possibilities for the investi§ation of recombination processes via suc
states. For this study selerium doped silicon was used.

The isolated " neutral selenium donor in silicon has been previously
characterized in detail [18]. The PTIS spectra of this center which has a ground state
binding energy of 306.6 meV, were collected at 20 different temperatures between
8.1K and 114%( [19). A spectrum taken at 24.7 K is shown in Fig. 4. The assignment
of the lines is the same as in Ref. 18. The energy gositions of the lines studied are in
excellent agreement with Effective Mass Theory (EMT) [18). Plotting the logarithm of
the integrated peak intensity versus 1/T,

a linear relationship is obtained for all

lines seen in Fig. 4. A typical result for the
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single temperature. the data.



2p, line is shown in Fig. 5. The linear relationship suggests that the PTIS signal is
governed by detailed balance {20]. It can be seen that the activation energy AE,,
calculated from these linear relationships is close to the value of the change in
enthalpy AH needed to excite an electron from an excited state into the conduction
band [20]. It is interesting to note that the scatter in the measured data, presented in
Fig. 5 for the 2p, line, is small and seemingly below 1 meV: Furthermore, the value
obtained for Al%‘h differs from the optical binding energy only by 0.5 meV, which is
almost within the experimental error. For lines shallower than 2p, the difference is
even smaller.

The AE,;, values for all lines studied are plotted in Fig. 6 as a function of the
optical transition energy AE°, All AE,, values lie
more or less on a straight line (dotted line in 0
Fig. 6). It is therefore not surprising that the
extrapolation of the AE, wvalues to zero,
intercepts the AE® axis at an energy which
differ from the ground state binding energy of
the center by only a few tenths of meV. It is
interesting to note that within the limits of
experimental error the thermal activation
energies of all lines shailower than 2p, are in
good agreement with their optical binding
energy. In contrast, the AE,, value of the Zp,
line (and probably also the orne for the 1sT,
line) deviates from the optical binding energy,
shown by the solid line of slope 1 n Fig. 6.
Since the optical bincing energies of all ﬁnes
studied are in excellent agreement witlg their
EMT values [ 18], this implies that within the Fig. 6. The thermal activation
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Comparing the spectrum of Fig. 4 with a spectrum of a group V donor, it is
immediately realized that optical spectra of chalcogen double donors bear close
resemblance with corresponding spectra of group V donors in silicon. For both
groups of impurities the ground state is a 1sA; singlet state and the binding energies
of the final states, except for the s-line states, are well accounted for by EMT. The
spectra of chalcogens and group V donors are therefore easy to analyze. There is,
however, one important difference between the chalcogen donors and group V
donors in silicon. The group V donors show only transitions from the ground state to

states, whereas chalcogen donors exhibit additional transitions to EMT forbidden
?but symmetry allowed) valley-orbit split ns states. This behaviour is a direct
consenquence of the increased binding energy of the chalcogen donors. As the
ground state Eets deeper, the selection rules are further relaxed and are instead
governed by the symmetry of the center. It has been observed that this trend is still
more pronounced for very deep centers. One such example is the silver donor in
silicon [21].

SILVER DONOR IN SILICON

The ground state of the neutral isolated silver donor in silicon lies about 340
meV above the valence band [22}. The transmission spectrum of the center is shown



in Fig. 7 along with the spectra of the 1 I i 2p:
phosphcrus and neutral tellurium donor in | SiP 2p, |3p,
silicon. A comparison of the spectra shows  $|T=10K 3p:
that the general feature of the silver & ,4}’:
. . . o) -
spectrum is qll‘ute different from the other & |
two spectra. The assignment of the silver % AL
spectrum was considerably facilitated due to 30150 50— 3%
clearly observed phonon assisted Fano
resonances which convincingly 1250 1350 1450 1550
demonstrated the donor character of the i ] 1 2pi3p.

center {21]. A striking feature of the silver Y /
spectrum is the fact that the p lines are very 3 . 3p.
weak (in fact the 2p, line was never T(°Ty) Si:Te ap,

observed) and that ‘the spectrum is I~
dominated by ns lines. In the case of
tellurium strong spin-orbit interactions mix
the 1sT, leveis originating from the singlet
Ty(IT,) and triplet T,CT,) states so that both
the singlet and the otherwise forbidden
triplet T, level become visible [23].
Assuming, that there is also an exchange

T,(17) 2p,

1s EMA |25 3sds

TRANSMITTANCE (a. u.)

interaction between the loosely bound AB ZPOJI "

excited electron and the electrons of the , 13p

silver donor core, it is believed that the A, B - 2C
15(E+T2) 2s

and IC lines may originate from similar .
many-particle and spin-orbit effects as in the Si:Ag
case of tellurium. Following this assignment,
the four closely spaced lines of the 1s (E +

T=10 K

¢ i

T,) structure sugéest a lower symmetry than
Ty for the silver donor, although the ground
state is assumed to be 1sA, [Zlf

The different feature of the excitation
spectra of chalcogen donors and the silver Fig. 7. Absorption spectra in silicon

onor stems from the increased localization for (a) the shallow P donor and (b)
of the ground state. With increasing strength ~ thedeep Teand Ag donors.
of the central-cell potential the binding
energy of the 1sA; ground state increases and a larger part of the conduction band
minima in k space contributes to the wavefunction of the 1sA; ground state. This
implies that the overlap between the wavefunctions of the ground state and excited
Coulomb states decreases and thus the electric-dipole matrix elements. This effect is
strongest for p states, since s states are more delocalized in k space. With increasing
deviation from EMT the relative intensities of transitions to s states become
increasingly stronger compared with transitions to p states and finally the s lines will
dominate the excitation spectrum.

The two examples of impurities discussed thus far are characterized in the case
of the selenium donor by simple spectra which, except for 1s states, are in excellent
agreement with those for the group V donors, and in the case of the silver donor by a
strong dominance of transitions to s-like states with energies which are no longer
predicted by EMT. The next example to be discussed is the interstitial iron which
exhibits a different kind of excitation spectrum due to a splitting of the final states.

6300 6400 6500 6600
Wave numbers (cm -1

INERSTITIAL IRON IN SILICON

Typical transmission spectra of interstitial iron which seemingly show little
resemggnce to the selenium spectrum of Fig. 4 are presented for two different
temperatures in Fig. 8. The identity of the center %ivmg rise to the spectra was
estaglished by photo-EPR measurements [23], which clearly showed that the center is
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the 3d i .cerstitial iron donor Fe® . A closer
inspection of the spectra in Fig. 8 reveals
that they consist of three overlaiping EMT-donor series as shown in Fig. 9. It is
interesting to note that within each series, the positions of the p-lines are in excellent
agreement with those predicted by EMT and their relative intensities are similar to
those shown for the selenium donor in Fig. 4. However, in contrast to the selenium
sioectrum no sharp ftransitions between 1s valleg—orbit split states are detected,
although the spectrum obviously includes 2s and 3s lines. Though the split 1s lines
are not directly observed, there are good reasons to believe that some of the lines
obse: red as phonon-assisted Fano resonances can be attributed to the split 1s states.
Since annealing experiments provide convincing evidence that the three series
belong to the same center, one may wonder whether they are caused by a splitting of
the ground state or the final states. A splitting of the ground state can be disregarded
due to the results presented in Fig. 8, which clearly show that neither the total
intensity nor the relative intensity of the lines change within the temperature range
of 1.8K to 12K. In a separate paper to be presented at this symposium a detailed
analysis of the iron spectra will be given, which will provide convincing evidence
that the three EMT series of the interstitial iron originate from a splitting of the final
states.

Excitation spectra may not only be affected by a splitting of the final states but
may also be influenced by a splitting of the ground state. One such example is the
neutral interstitial manganese center in silicon {25).

INERSTITIAL MANGANESE IN SILICON

Interstitial manganese has been previously studied by EPR, Hall-effect
measurements and JSCT (26-28]. These investigations showed that the defect has
three different charge states (Mn", Mn°and Mn*) and that the transition Mn/® has a
thermal activation energy of about 120 meV (Fig. 10). In contrast to the interstitial
iron where the excitation of an electron from the ground state int5 shallow donor
states was studied, hole transitions from the neutral manganese center into shallow
acceptor-like states are now discussed in more detail.



Silicon samples diffused with manganese
at 1250° and rapidly quenched, showed a series cB
of four sharp lines at 2 K. The lines are '.’-'.ZL"Mn'/o
superimposed on a background spectrum. The o4z
ratio of the original Mn-doped Si spectrum to
the background is shown in Fig. 11. With t— M
increasing  photon energy the ener
separation between the ftour lines at 2
decreases, indicating that the lines probably
originate from excited states of a screened "
Coulomb potential. From the high-energy limit M"Y+ —
of the line series a ground state energy of about 0.27 &V
1050 meV is deduced for the transition Mn®/~, B
This is in fair agreement with the previously Si:Mn v
measured energy of 120 meV for the transition
Mn/° considering that the band gap energy of
silicon is about 1}1 Of n}x\eV atR]ow terln erz;‘tures.o Fig, 10. Energy positions of
The strength of the EPR signal for the Mn bl 05T
and Mn" Chargge states did n%t Chan o With interstitial manganesein silicon.
illumination, and therefore photo-EPR could
not be applied to correlate the EPR spectra with the transmission measurements.
Instead isochronal annealing experiments were performed for obtaining information
on- the chemical identity of the center causing the line spectra of Fig. 11. A
comparison of the total fransmission intensity and the Mny° integrated EPR signal
(Fig. 12), as a function of the annealing temperature shows that both signals anneal
out at the same temperature, suppor ‘ng our assumption that the spectra of Fig. 11
originate from hole transitions of the Mn;° center. It is worth mentioning that all lines
shown in Fig. 11 exhibited the same annealing characteristics. This is also true for the
Mn;® and Mn;" EPR signals which may
indicate that no shift of the Fermi level
Te 2K position occurred during the annealing
"~  experiments.
| P For temperatures above 2K, the
i intensity of the transmission lines (Fig. 11)
i ‘ decreases and new lines are observed at
] slightly lower energies. The energy
' distance between the lines in each group is
almost identical for all groups and has a
Tel4K mean value of 1.3 meV. Fig. 11 also shows
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that the relative intensities of the lines
within each grougl are similar for all groups
and that this behaviour does not change
with temperature. These observations,
together with a more detailed analysis [25]

tting of the initial state in the optical
transitions and that the splitting is caused
by a local phonon (Fig. 12). The energy of
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83332
8343 4
83754
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84031

1.3 meV for the local phonon is in G
agreement with the isochronal annealing
experiment and is much smaller than those
previously observed for transition metal
related impurities in silicon, which is
indicative of a much smaller spring
constant. Fig. 13 shows the energy transition level
model for all lines which have been
experimentally observed according to Fig. 11.

Before discussing the model in more detail it
is worth mentioning that the observed line
spectrum due to the transitions Mn fits
reasonably well into the trend previously found
for the group III acceptors in silicon if it is
assumed that the line with the lowest energy is
caused by transitions to the second s state (2T}").
The binding energies of the even parity s states
for the group Ol acceptors which have been
determined ~experimentally [29] show a
considerable central-cell shift which increases
with increasing ground state binding energy (Fig.
4).

su;;gest that the spectra originate from a 2ht

sph l
{
Al

One of the reasons for the final hole states
being assigned as different even parity excited s
states stems from an analysis
of the relative intensities of the
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Fig. 13. Scheme of the level structure
and the observed transitions with
their corresponding energies incm™.
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Fig. 14. Experimental s-like
even-parity-state energies of
Tl, In, Ga, Al and B acceptors
in silicon (ref. 29) compared
with the neutral interstitial
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main lines in each group and 140
previous results obtained for )
the isolated silver donor in | »
silicon [21). For s-like final 120
states it is expected that the
transition intensity is
proportional to the square of
the electric dipole matrix
element. Since the initial state
is strongly localized, the
matrix element is essentially
given by the amplitude of the
wave function of the hole at
the center of the impurity
potential. For a hydrogen-like
center the amplitude of such
an s wave function scales as
n3/2 where n is the principle
uantum number. One would
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C1: 23 Al = 3* B1 = 4% C1. Fig. 15 shows that these
considerations are in reasonable agreement with .
experimental findings. .
So far only transmission measurements of the
Mn;® center have been discussed. Due to the higher
sensitivity of the PTIS technique further details of
the Mn{® center could be studied using photo
conductivity measurements. Apart from these
details PTIS studies revealed one particular property
of the Mn; center which we are unable to explain at
present. The PTIS signal is expected to be thermally 0
stimulated and should  therefore increase 0
exponentially with temperature within a certain
temperature range. In the case of the chalcogen
donors (and other centers) in silicon this particular
feature of PTIS was used to gain further insight into
the electronic properties of the centers. Interestingly,
no such thermal enhancement of the PTIS signal is
observed for the Mn{® center. As demonstrated in
Fig. 16 the intensity of the PTIS signal shows a similar temperature dependence as
the corresponding transmission signal, which decreases with increasing temperature
over the entire temperature region studied. The observed PTIS signal is positive and
is therefore a true contribution to the photoconductivity. A similar temperature
dependence of the transmission and PTIS signal clearly shows that the
photoconductivity signal of the Mn;° center is not thermally stimulated.

SiMa

5.
.
.

Intennty tach urits)

- .
* .
.
Transmisssion  * ¢

10 20 »
Temperature 1K)
Fig. 16. Intensity of the Al
line 1in  silicon” measured
in transmission and PTIS
as a function of the
temperature.

PLATINUM DOPED SILICON

Although the Mn{® center was the first defect not showin
stimulated PTIS signal, it is not the ongl center which exhibits su
Similar observations have also been made
fora

a thermally
a behaviour.

latinum related center in silicon.

latinum  doped  silicon  has
greviously been studied in detail [30].
rom these studies it is known that single
substitutional platinum has different
charge states with an acceptor-like ground

l‘,u. lines

SPt

Ty Tines

UNIDENTIFIED

state 0.23 eV below the conduction band
and a donor-like ground state 0.32 eV
above the valence band. PTIS
measurements showed not only the Py,
and Py, line spectrum of the Pt acceptor,
but also phonon-assisted Fano resonances
of the P3/z states and, in particular, three
skron% unidentified positive lines which
were labeled T lines (Fig. 17). It could be
demonstrated that the T lines are not part
of the platinum acceptor spectrum.
Furthermore, the three T Fines are always
observed with the same relative intensities
suggesting a common origin of these lines.
In addition, recent investigations [31) showed that the center, causing the T-lines has
T4 symmetry and is only observed in Pt doped silicon samples. Since the T lines are
afrinost not affected by annealing temperatures up to 1000°C and the impurity
responsible for the T lines is a very slow diffuser, it is believed that the T line center
is the isolated Pt center and is most probably the single substitutional Pt center.

It has already been pointed out that the T lines are not due to hole transitions of
the neutral platinum acceptor. In order to find out whether the final states of the T
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FANO.
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Fig. 17. Spectrum of Si:Pt obtained
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lines are associated
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parallel to the [111]
direction, whereas
large splittings and
stress-induced linear
shift rates at higher
stress were observed
for the [001] and (110] directions. The close
agreement of the shifts with the stress response of the
six-fold degenerate conduction band minima
suggests that the final states in the transitions of the T
lines involve shallow donor states, which can be
decscribed by EMT and the deformation-potential
approximation.

Further evidence that the initial state of the T
lines lies in the lower half of the energy gap and
therefore cannot be associated with hole transitions,
is obtained from doping experiments. Fig. 19 shows
the transmission spectra of three different samples
with similar platinum concentrations but different
{positions of the Fermi level. The peak heights of the T
ines increase steadily with a lowering of the Fermi
level, and are sh'on§est in heavily doped p-tyqe
samples with the platinum acceptor lines nearly
absent.

Comparing the excitation energies of the T lines
with the energy position of the neutral platinum
donor (Fig. 20), 1t is quite obvious that the T lines are
not associated with Pt®/* transitions. A
comprehensive study of the T lines, including
Zeeman and piezo
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Fig. 18. Transmission spectra showing the response of the T lines
to uniaxial stress. The straight lines indicate the stress shifts of
the six fold degenerate conduction band minima.
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Fig. 20. Energy positions of isolated platinum i silicon (32).
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the 1sT, excited state of the charged platinum donor is T T T T
close to the 1s EMT value, i.e. about 120 meV, the
['AT,) ground state is expected to lie about 55 meV l
above the valence band. M ek
As in the case of the Mn} center, the PTIS signal
of the T lines is not thermally stimulated for
temperatures above 6K. This is clearly seen in Fig. 21
where three spectra taken at 6K, 14K and 20K, are
Fresented. Various explanations have been put forth
or this behaviour, but none of these can reall
1accou%thfor all elxperimental re;u%‘ts ;‘ﬁgable gln t;\e
ines. The sample is e and the signal of the
T lines is posi?ive. nteygmay therefore spe%ulate that A
the PTIS signal is not only due to a thermalization of

PTIS sgnad (orh unts)
33
x

excited states, but also, due to the proximity of the P
ground state to the valence band edge, influenced by A
a thermalization of the ground state which could be 2 ore rnbers foeh

more effective than the thermalization of the excited

states. This model would explain the decrease of the ,Fig-, 21. PTIS spectra of T lines
PTIS signal of the T lines with increasing temperature, '™ iPt.

but could hardly account for the absence of the

thermal enhancement of the PTIS signal for the M center since for the Mn? center
the energy difference between the gro 3 . *ate and the band edge is mote than twice
as'much as for the charged platinum - or.

CONCLUSION

The intention of this short review was to briefly outline recent developments in
high resolution spectroscopy of defects in silicon, which have provided
complementary methods for a more detailed understanding of such defects. One of
these methods, namely PTIS, can be used to study not only the optical but also
thermal properties of individual energy levels. Highly resolved line spectra have
been observed for an increasing number of defects in silicon. The spectra of donors
with small binding energies are dominated by transitions to p-like states, but the
dielectric dipole selection rules and relative intensities of excitation lines may change
with increasing binding ener%es resulting in spectra with comdpletely different
features. This implies that the specira of some of the very deep centers are
dominated by transitions to EMT-forbidden s-like states as in the case of the silver
donor, the neutral.interstitial manganese center and the substitutional charged

latinum donor in silicon. Interestingly, the observed p states of such spectra always

ave binding energies which are in good agreement with their EMT values, whereas
the s-like states are not predicted by EMT and are determined by the localized
central cell potential. Lines due to gound-to—bound transitions into s-like states
therefore cannot be used as "fingerprints” for the identification of the defect type, i.e.
to establish whether the lines are due to bound-to-bound transitions of donor or
acceptor levels. For the assignment of such spectra, additional information is needed,
which quite often can be obtained by applying perturbation spectroscopy. Due to the
limited scope of this paper it is not possible to discuss these possibilities in more
detail.
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ABSTRACT

We report high resolution infrared absorption spectra associated with the deep zinc
acceptor in silicon. The optical transitions between ground and bound excited "p-like” states of the
neutral helium-like double acceptor Zn0 center have been observed for the first time. The
absorption cross section for the hole transition is found to be very small, of the order of 1917 cm?,
Energy spacings of the P3p Rydberg series are very similar to the spacings of the groap-IIl
acceptors, suggesting that, in spite of the large ground state binding cnergy, effective mass
approximation stil! applies to the bound excited states. This represents one more case where the
strong central cell potential does not significantly disturb the neutral helium-like bound excited
states. Similar observations have been made for the less deep neutral double acceptor Be, and for
the chalcogens donors S, Se and Te.

The optical ionization energy of Zn("has been determined to be 2575 cm! (319 meV).

Two additional sets of absorption lines related to zinc have been observed at 2130cmr! and 2758 cnrl.
Their origin will be discussed.

INTRODUCTION

The knowledge of the electronic structure of group-1I impurities in silicon lags behind our
understanding of these impurities in germanium [1-4]. This is in part related to the fact that in
silicon the group-I! imnpurities give rise to much deeper, more localized electronic states in the
bandgap compared to the case of germanium. In addition the concentration of electrically active
groupl acceptors lies around 10%cnv, a factor of 100 smaller than in Ge. In combination these
properties make the observation of line specira originating from ground to bound excited state
transitions much more difficult in Si than in Ge. Indeed most of the levels related to group-II
impurities in silicon have been determined from resistivity and Hall effect measurements or
junction space charge techniques, ¢.g. Deep Level Transient Spectroscopy (DLTS). The activation
energies of the two charge states of the double acceptor zinc were determined as early as in the late
fifties [5,6] to be E,+0.31 eV for the first ionization stage and E¢-0.55 eV for the second one.
Since that time and despite numerous attempts, no structured absorption features due to bound
hole transitions were reported {7].

In this work we report the first observation of bound to bound transitions in the neutral double
acceptor Zn in silicon which allows an accurate determination of its optical activation energy.
Further motivation for this work is related to an interest in the study of the mechanism of
hydrogen passivation of a double acceptor which are expected to become part‘ally or fully
passivated, Preliminary results of hydrogen passivation of zinc in silicon are presented: a new
complex related to zinc and hydrogen is observed as well as a strong isotope cffect at this center
upon substitution of hydrogen with deuterium.

EXPERIMENTAL vROCEDURE

The silicon wafers used in the present investigation of the neutral accrotor zinc were float-
zone material ranging from high purity (N-type ~5000 Qcm) to moderately phosphorus doped

Mat. Res. Soc. Symp. Proc. Vol. 163. ©1990 Materials Resesarch Society



(~60 Qcm). Some boron doped specimens have been used for DLTS measurements. Samples
with dimensions 1x1x0.3 cm3 suitable for IR absorption analysis were cut from these wafers.
The sample preparation has been reported in details elsewhere [8]. Zinc was diffused for a few
hours at temperatures close to 1200°C. The diffusion processes have been performed under
various ambients: helium, hydrogen or deuterium. Once the diffusion was completed, the
ampoule containing the sample was either quenched in mineral cil or furnace cooled in order to
investigate the possible clustering of zinc atoms. Quenching led to cooling rates of approximately
200°C/s while furnace cooling gave rates of 2°C/mn. )

SIMS measurements performed on several diffused samples yield a concentration of Zn in the
1015 car3 range. DLTS and Hall effect measurements have given the same concentrations
suggesting that most of the zinc incorporated was electrically active. . .

We used a rapid-scan Fourier transform spectrometer (Digilab FTS-20E) in the mid-infrared range
for the absorption spectral analysis. The sample was mounted on the cold finger of a Janis
cryostat with variable temperature control. A cooled indium doped silicon photodetector was
found most suitable for the detection of the ZnO excitation spectrum.

In every stage of this study, reference specimens submitted to the exact same sample preparation
and heat treatments were used for comparison.

EXPERIMENTAL RESULTS AND DISCUSSION

In Fig.1 we show a typical low 0.10
temperature mid-infrared absorption spectrum
taken from a sample of float-zoned silicon ™™™’
diffused with zinc at 1200°C in a heliun 0.08-
atmosphere. At high energy it is dominated
by the streng absorption transitions from the
neutral zinc ground state to valence band
continuum. On the low energy side of the
continuum threshold, around 2500 cm-!, a
set of lines is observed. The ratio in
absorption intensities of these lines compared
to the continuum emphasizes the small
fraction of oscillator strength which goes into 0.624
the transitions to the bound excited states
compared to the transitions from the ls L L
ground state to the continuum. This is a 8909 .
consequence of the large spreading in k-space 200 2500 %0 200 20
of the ground sta;u:I wavefunction due fft_o the WAVEMMBERS (om~')
depth of the level. It enables a more efficient — . .
coupling with the extended states of the Fig.1: Absorption spectrum onngopcd Si
valence band continuum than with the less at T = 4.5K. Resolution is 0.5 cm™.
extended shallow excited states. By using the
values of the zinc concentration determined by SIMS and Hall effect, we deduce an optical cross-
section for the ground to bound excited states hole transitions of the order of 10-17 cm2.

Fig.2 displays on a more expanded scale the sequence of lines which is identified with the
Lyman series of the neutral helium-like double acceptor zinc. The excitation lines represent one-
hole excitations from the (15)2 ground state (o the (1s5)(np) excited states of the neurral doubie
acceptor. We have numbered these excitation lines according to the scheme proposed by
Baldereschi and Lipart [9]. The energy spacings and relative intensities are very similar to those
obtained for the group-III shallow acceptors in silicon. We note that such a similarity had been
reported for an other neutral helium-like double acceptor, beryllium {10]. This is illustrated in
Table I where we present the ionization energies and the energy spacings observed for the two
well known single acceptors boron and indium as well for the double acceptor berylium (set I)
together with our results for zinc.

By adding the binding energy of the final state leading to line 2. 11.7 meV [12], 10 the wansition
energy of this line, we estimate the optical ionization energy of zinc E(Zn%") to be 319 meV.
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Fig.2: Excitation spectrum of neutral helium like double acceptor Zn
in Si at T = 4.5K. Resolution is 0.5 cm-L.

The effective mass-like character of

the bound excited states of this deep .

double acceptor indicates a very Table I: Jonization cnergics and energy spacings bclwgcn
effective screening of the central cell the excitation lines of various acceptors and Zn0 in silicon
potential by the second hole (the valucs relative to B and In have been taken from (11))

remaining in the 1s-like state near the

impurity center. It is worthwhile to lines B In Bo? Zn0
note that recently several deep . -

impurities such as the acceptors gold cnergy locations of lincs (6“:;’\’) 304.01
and platinum and several chalcogens ; gggg }Z;?/g }§0'3 307.83
related double donors were shown to 3 3835 14974 1843 3172
have effective mass-like excited states 4 3957 150.80  185.6 313.10
(13]. This behavior is understandable

since the wave functions of the p-like cnergy spacings between lincs (meV)
excited states have zero amplitude at Al 4l 1.80 3.70 3.82
the site of the impurity, whereas the a3 436 3.95 4,00 3.89
wave functions of the s states have a A2 5.08 5.01 5.30 527

finite amplitude. Therefore the former
are expected to be rather unaffected
by the central cell potential, in
contrast to the s states.

The excitation spectra of neutral Zn at two different temperatures are shown in Fig.3. In
the extra-structure which grows dramatically with increasing temperature on the low energy side
of each of the four lines we were able to discern unambiguously four components in the case of
the line 2 related structure. In Table II, we present the results of the thermal activation analysis of
these components. We observe both a split ground state and additional excited states spliiting.
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Fig.3: High resolution excitation spectra of Zn® in Si at two different
temperatures: lower curve for T = 4.5K, upper curve for T = 11K.

Table II: Positions E;, energy spacings AEopical from line 2, and
Boltzman factors AEermat for the 4 identified components on the
low energy side of line 2 (307.83 meV):

lines E; (meV) AEoptical (meV)  AEhermal (meV)
2a 305.98 1.85 2.0 (£20%)
2b 305.35 2.48 2.1 (20%)
2 304.98 2.85 3.0 (£20%)
2d 304.67 3.16 2.1 (£20%)

From these results we conclude that the ground state of Zn is split into at least 3 components.
Under time reversal symmetry, the ground state of a single acceptor can split into two
components, Our results prove that the 319meV level is not due to a single acceptor. It is
interesting to note that a large spliting (2.4 meV) of the ground state of the zinc double acceptor in
germanium was reported some years ago by Thewalt et al, {14). Additional infrared spsctroscopy
studies using stress and polarized light are needed to investigate further the splittng,

Depending on the cooling rate of the specimens after the high temperarure diffusion of Zn,
a set of smaller absorption lines on the high energy side of the Zn0 excitation spectrum was
observed. The encrgy spacings between these lines are again in agreement with effective-mass
like excited states of an acceptor. This quenching dependent behavior is illustrated in Fig.4 where
it is seen that an as-diffused Si:Zn sample, fumace cooled (curve A) exhibits a definite structure
with the strongest line located at 2758 cm-!, whereas in the quenched sample (curve B) none of
the lines are clearly discernable. Subsequent annealing at high temperature of a furnace cooled
sample followed by rapid quenching in mineral oil causes the complete disappearance of these
features. Further high temperature annealing not followed by rapid quenching has been found to
restore them. This reversible behavior which depends strongly on the cooling rate suggests that
some complex formation is involved 1 the center responsible for this set of absorption lines.
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Fig.4: High resolution low temperature absorption spectra of Zn diffused Si samples:

(A) furnace cooled, (B) quenched from high temperature. Insert shows the 2758 cm.!
sequence of lines on an expanded scale.

Further studies are required to identify the exact structure of this zinc related complex. It is
worthwhile to niote that no discernable influence of the cooling rate on the Zr@ excitation spectrum
has been detected.

In order to investigate the hydrogen passivation of the zinc centers, the high temperature
diffusion process was repeated in an hydrogen ambient, followed by rapid quenching. In Fig.5
we show the spectrum of such a zinc diffused silicon sample. It displays a new sequence of lines
on the low energy side of the Zn0 excitation spectrum, with its strongest line located at 2130anr!.

0.006-1
{em-y)

Fig.5: Effect of deuterium 0,006

substitution to hydrogen
on the 2130 cnr! set of
absorption lines: Zn has
been diffused in Si
samples: (h) in Hjp
ambient , (d) in Dy
ambient.
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The spacings between the observed lines again are very similar to the spacings of bound excited
states of singlc acceptors (see Table 1). These lines were not found in samples which were not
quenched, as well as in samples quenched but re-annealed at high temperature after diffusion.
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When deuterium was used instead of hydrogen for the ambient of the diffusion process a second
sequence of lines shifted by 12 cm™1 appeared towards the high energy side. This isotope shift is
even larger than the significant shift of 7.8 cm! reported for (Be H) and (Be,D) [15]. The large
shift suggests strong interaction between the electronic ground state of the hole and the proton for
this deep level center which we tentatively identify with the (Zn,H) complex. Current work is in
progress to ascertain this identification.

CONCLUSIONS

The excitation spectrum of the neutral helium-like double acceptor Zn has been measured and
interpreted. The effective mass-like character of the bound excited states associated with this deep
state has been established. The optical ionization energy of Zn0/- has been determined to be 319
meV with an optical cross-section for the hole transition of the order of 10-17 cm2. The
temperature dependent study of this excitation spectrum has revealed a large splitting of both the
ground state and the excited states.

There is strong evidence that the "2758 cm-1" set of lines is related to the formation of a complex

involving zinc, and that the "2130 cm1* features are related to electronic transitions from a center
involving zinc and hydrogen.
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ABSTRACT

In the present paper, optical absorption studies on the neutral charge
state of the double acceptor zinc in silicon are presented. Measurements were
carried out in the mid infrared (MIR) and in the near infrared (NIR) region.
The MIR absorption spectra show the excitatlon series of an effective-mass-
like hole, from which the Zn° level position Is calculated to be at Ev +
319.1 meV. A splitting of the ground state into 3 sublevels is assigned to
hole-hole coupling and crystal-field splitting Absorption spectra obtained
in the NIR are interpreted in terms of an A° X-type bound exciton.

INTRODUCTION

Double acceptors in germanium are widely investigated by means of
optical spectroscopy [1]; but detailed information on double acceptors in
silicon is still rare. Beryllium e.g. introduces several centers when it is
diffused into silicon {2,3]. One of these centers (Bel), is believed to be
the substitutional Be double acceptor [2,3] though a second charge state has
not yet been reported [4]. The only double acceptor in silicon identified so
far is zinc. Two levels at Ev + 0.31 eV and Ec - 0.55 eV are identified with
the 0/~ and ~/-- charge state transitions, respectively [5,6]. In recent work
the thermal-emission rates and capture rates of carriers were characterized
by transient-capacitance technique (7,8]. Optical investigations were dezling
with photoionization only, so that still some uncertainty remained about the
exact level positions [(9,10].

By observation of effective-mass-(EM)-like excited states of the Zn°
center, we are able to calculate precisely the ground state to be 319.1 % 0.3
meV above the valence band. In a second part, spectra, obtained in the NIR
spectral region, are discussed with regard to excitons bound to 2n°.

EXPERIMENTAL

Samples from boron doped float zone material (10cm™) and phosphorus
doped Czochralski crystals (2-10 Bem™ and 4-10"%em” 3) were prepared for the
zinc diffusion. Samples were sealed in evacuated quartz ampoules together
with zinc ingots and heated to 1200°C for 40 hours. The diffusion was
flnished by quenching the ampoule in water. An additional heat treatment at
600°C was applied, to move most of the incorporated zinc atoms into the
double acceptor confliguration. Optical surfaces were achieved by polishing.

A Fourier spectrometer (Bomem DA3 series) was used to record the
absorption spectra. The setup was equipped alternatively with a cooled InSb
detector for the MIR and with a germanlum diode for the NIR.

16 The_zinc concentration was determined by Hall measurements to be (9%3)*
100" cm ~. Spreading resistance profiles were taken on similarly treated
samples to control the zinc distribution. Over the whole sample the
homogeneity was found to be better than 10% of the total zinc concentration.
All samples resulted in p-type conductivity after zinc diffusion.

Mal. Res. Soc. Symp. Proc. Vol. 163. #1390 Materials Research Soclety
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MID INFRARED ABSORPTION SPECTRA

For temperatures above 40 K all samples investigated show a strong
absorption band beginning at around 2500 cm = extending up to the band-band
absorption. A similar spectrum is also observed in photocurrent measurements.
Previous absorption {9] and photocurrent studies {10} on zinc diffused
silicon have shown that photoionization of neutral zinc {2n° --=> 2n” + h) is
the underlying process. Since in all our samples the zinc concentration is
much higher than the shallow background doping, phosphorus is compensated in
the originally n~type samples. Hence, we observe the photoionization of Zn°
in boron doped and phosphorus doped samples as well. The maximum optical
cross section is calculated to owax = (0.5%0.2)-107° cm°. This value is in
fairly good accordance with the previously reported values omax =
(1...2)-107*® cn® [9] and owax = 1-107'¢ cn® [10].

At temperatures lower than 40 K sharp line spectra appear, locateda close
to the photoionization onset. These lines, labelled Ii1~ through 147, are
displayed in Fig. la together with the photoionization onset mentioned above.
The 1line spectrum appears in all investigated samples with the same
absorption ratio to omax of photoionization. Hence, we assign these lines to
bound-to-bound transitigns at zn®. It is the typical “fingerprint" of
transitions between a I's ground state into a series of odd-parity EM-like
excited states. Similar spectra are known,e.g., for the (shallow) acceptor
indium [11) and deep acceptor centers related to gold (12}, platinum (12] and
several beryllium related centers (2,3}. For each of these defects the
characteristic absorption spectrum indicates shallow EM-like excited states
originating from the P3s2 valence band. These states are satisfactorily
described by the effective-mass theory (EMT) developed by Baldereschi and
Lipari [13]. Adding the theoretical binding energy of a specific excited
state t¢ the corresponding transition energy - observed from the absorption
spectrum ~ results in the ionization energy of the Zn° center. We find the
2n° level position at 319.1 * .3 meV above the valence band and obtain an
excellent agreement between the binding energies of the excited states and
the EMT values, see table 1. Level positions obtained from electrical
measurements [5-8) with a larger uncertainty are in accordance with the
optical data presented here. The EM series limit as indicated in Fig. 1 is
shifted by about 6 meV to lower energies compared to the photoionization

—_ a) Bound-to—bound Transitions b) Fano Resonances
i
£ 0.2l 1,
3] 2
; T=6K (OF = 519.9 em™)
5 ,9+0F
a
g 01t ,9+0"
(2]
Na}
< 1,0 l
- 1 i
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Limit : x2
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FIG. 1. a) Zn® absorption lines (I series), due to the excitation into
EM-like states; EMT series limit, as indicated. J lines see text and Ref. 16,
b) Fanc resonances of lines It* and I2°.
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TABLE 1: Spectroscopic values (v) of the Zn° center and the Zn(X2) center
[16], binding energies (Ev) of the EM-states, and ground state
position relative to the valence band.

Zn° 2n(X2) EMT {13}

p (em™')  Eb (meV) »(em™)  Eb (meV) Eb (meV)
It 2451.1 15.2 Ji1 2598.6 15.3 5.5 1T's
Iz 2482.5 11.3 J2 2629.0 11.5 11.4 2rs
Is  2513.9 7.4 7.3 rs _
Is  2524.7 6.1 J& 2673.6 6.0 6.0 1I7+1Ts

E = 319.1 meV E = 337.5 meV

fon fon

onset. This shift might be caused by a relaxation of the center following to
the ionization as discussed e.g. in Ref. 14, The EM-like character of the
excited states is confirmed by Fano resonances, observed for the lines n°
and 12°, see Fig. 1b. These resonances are caused lby interference bhetween EMT
levels and free conduction band states via an O phonon (519.9 cm ). This
coupling is characteristic of shallow group-III acceptors in silicon [15].
For the Bel center, Fano resonances as displayed in Fig. 1b are found, too
3].

Another EMT spectrum comprising the lines labelled Ji1,J2 and J& is
assigned to a different zinc-related center (named 2n(X2) [16])), with an
ionization energy of 337.5 meV, see table 1.

The ground state of neutral zinc is spit into three substates as
temperature dependent measurements show. With ralsing the temperature from 6
K to 10 K and 18 K two sets of lines (I°and I°) show up, see Fig. 2. The

1
|

FIG. 2. Thermally activated absorption
of the Zn° center. All lines with
corresponding transitions starting from
the same ground state are lumped to-
gether. See level scheme in Fig. 3

Absorption (arb. units)

1 1
2400 7450 2500 5550
Wave number o (cm™")

lines in each set are found to have the same spectroscopic spacings as the
lines In the low temperature spectrum 1. The absorption of the lines 12°,
127, and 12° as a function of the tenperature was measured quantitatively.
Since I2° and I2° are not resolvable over a sufficlent temperature range the
sun (I2°+I2°) was evaluated. In Fig. 3 the ratio (I12°+12°)/I2 is plotted
versus 1/T. As can be seen, the ratio is governed by a Boltzmann factor with
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an activation energy of 3.3 meV. This clearly shows, that the absorption
strength reflects the thermal population of the ground-state levels. From the
shifts of the three sets I, I, and I°, a level scheme of the ground state
levels as depicted in Fig. 3 can be drawn. A small deviation of the thermal-
activation energy from the expected value 1.9 - 2.8 meV is not understood
presently.

The ground-state splitting observed for several double acceptors in
germanium is attributed to the exchange interaction of the two holes; see
Ref. 17 for discussion and further references . In the present case hole-hole
interaction seems to be important, too, since a threefold split ground state
cannot originate from a single hole state (I's). Because of Kramers
degeneracy, a [8 state can split into 2 levels only; e.g. when the atom
relaxes from the substitutional site to a position of lower symmetry. In
terms of a j-j coupling scheme the two hole states j = 3/2 (I's) of the double
acceptor couple to J = 0 (I'1) and J = 2 (I'3+I's), when the Pauli principle is
taken into account. A crystal field with Tda symmetry may split the J = 2
state into I's and I's states which are 2-fold and 3-fold degenerate,
respectively. A splitting into J=0 and J=2, observed for the systems Ge:Hg
(0.7 meV) (18], Ge:2n (2.4 meV} (19] and Ge:Mg (1.8 meV) [17) was explained
by the mutual influence of exchange interaction and crystal field splitting.

The 3 sublevels of the Zn° ground state found here agree with the model
outlined above. From the high-temperature limit of (I2™+I2°)/12® = 6.9 & 1.5
(Fig. 3) follows clearly that I'' is the lowest ground state sublevel of
Si:Zn°. The same case was assumed for Ge:Zn, too [19]

NEAR INFRARED ABSCORPTION SPECTRA

Further absorption features appear close to the region of band-band
absorption. As depicted in Fig. 4 (lower spectrum), a grouap of 3 lines (aa\B
and 7 ) with some additional fine structure can be resolved around 8850 cm '.
The lines are observable in all investigated samples after zinc diffusion.
Their Integral absorption correlates with the Intensity of the I® lines,
reported In the previous sectlon. Comparing these lines with spectra of
acceptor bound excitons (A'X) motivates the assignment of aa, 8, and ¥ to the
no-phonon-assisted generation of an exciton bound to neutral zinc (2n°X).

The group III acceptors Al, Ga, and In exhibit a bound-exciton-(BE)-
absorption spectrum similar to the lines under discussion. Three A°X lines
are observed as well, reflecting a 3-fold split excitonic state. Still unclear
is the origln of the excitonic state structure. Two different models are
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considered (20,21]. Both models suppose the interaction of the 2 holes in the
excitonic state but lay additional emphasize on crystal fleld effects [20]
and electron hole coupling {21). Since for the Zn’°X an additional hole can
couple to the exciton, this case becomes even more complicated. Thus we
restrict ourselves to comparison of our findings with experimental results
avalilable for group-I1I acceptors.

Taking the high energy component of aa, the localization of the BE is
calculated to 58.7 meV. Thallium as the deepest group-III acceptor binds the
exciton with 43.8 meV [21). Compared to the lonizatlon energies (Zn®: 319.1
meV; Tl: 255 meV [22]) the value of 58.7 meV is reasonable as excliton~binding
energy.

BE transition are known to couple to TO phonons. The ratlo of absorption
strength between the TO replica and the no-phonon lines (NP) «(TO)}/a(NP)
decreases with an increasing localization of the exciton. For the group =111
acceptors this ratio varies from 127 for boron down to 1/10 for thallium
[21). Replica of aa and B due to TO phonons are found (not shown here) with
a(TO)/«(NP) =~ 1/40, being in accordance with the values mentioned above.
Possible TA replicas, also found for A°X, are not observable because of a too
low signal to noise ratio.

A link between the NIR and MIR spectra 1is the zn° ground-state
splitting, which should be seen in both types of spectra. Like in the hole
excitation spectra, thermally activated lines grow in with ralsing
temperature. Two sets of 1lines ac and av each with a three-fold fine
structure 1llke 1line aa can be identified. There 1is no significant
thermalization observable within the fine structure of «a, ab, and ac. The
thermalization of the 3 groups wa, ab, and ac resembles the behavior of the
lines 2 12 and 12°, as shown if Fig. 2. Hence, the ground state of these
transitions also must consist cof 3 sublevels., The bracket In Flg. 4
represents the splitting of the 2n° ground state as evaluated from Filg. 2.
Neglecting the fine structure, hole excltatlon spectra and bound exciton
spectra give an accordant view of the Zn° ground state.

SUMMARY

Optical absorption spectroscopy on neutral zinc in silicon shows the
excltation of a hole Into odd-parity EM states. This fact allows to calculate
the ground state to Ev + 319.1 % .3 meV. Absorption spectra measured in the
NIR are most probably due to excltonic translitions. Both types of spectra
show that the zn°® ground state conslsts of three sublevels that arlse from




hole-hole interaction and crystal-field splitting. Future work will focus on
both absorption experiments carried out under uniaxial stress and on
photoluminescence to confirm this model.
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PRESSURE DEPENDENCE OF A DEEP EXCITONIC LEVEL
IN SILICON*

G.A. Northrop and D.J. Wolford
IBM Thomas J. Watson Research Center, Yorktown Heights, NY 10598.

ABSTRACT

Certain optically active defects in silicon provide a unique opportunity to observe, in detail,
the effect of hydrostatic pressure on a deep level. We present a photoluminescence (5 - 100K)
study of one such defect, the I, radiation-damage center, under high hydrostatic pressures (1-50
kbar). While the energy variation of this level indicates the expected mutli-band nature typical
of a deep level, a severe and continuous reduction in the observed luminescence intensity was also
observed. Temperature dependence, time resolved photoluminescence, and photoluminescence
excitation spectroscopy are employed to attempt to discern the mechanism involved.

INTRODUCTION

Over the last 10 years a number of defects have been reported in silicon which
exhibit strong no-phonon lines in photoluminescence, often with remarkably high
efficiency [1]. These are deep excitonic levels that show some lattice coupling (vibronic
side bands) but have a strong enough no-phonon line that inakes the precise energy level
clearly identifiable. Some are complexes produced by radiation damage, followed by low
temperature annealing, of which most involve impurities such as oxygen and carbon
normally found in CZ silicon. Another group occurs when transition metals, such as iron
and chromium, are diffused into Si. Most of these are assumed to be dopant - transition
metal complexes. A third group can be formed by rapid thermal quenching of heated In
or Tl doped Si. As a group, these defects are well suited to the study of the effects of high
pressure on deep levels in silicon due to their strong signatures and narrow linewidths.

The I, center [2], produced by radiation damage, was selected for this study
primarily due to its strong luminescence, and the fact that it can be produced easily in
high purity silicon. Although its microscopic structure is not knowr, its occurrence
doesn’t correlate with any impurity, thus, it is likely a complex of intrinsic defects
produced by the radiation damage. It is most efficiently produced by ion or neutron
bombardment, but can also be produced by other forms of radiation. Magnetic field and
uniaxial stress measurements have shown that the I, ground state is non-degenerate, and
that the defect has C;, symmetry [3-5). It has a total binding energy of 137 meV, and
the temperature dependence of the PL intensity has an Arhenius quench energy (~
thermal binding energy) of about 50 meV [4].

PHOTOLUMINESCENCE ENERGY VS. PRESSURE

The samples used in this study were taken from boron doped (~10! ¢cm2) CZ
grown wafers. These wafers were damaged by implantation with 3x10'2/cm? Si+, at 50
keV, and then annealed at 200 °C to produce the I, centers. Chemical etch profiling of
samples prepared this way indicates that the I, centers are confined to within 0.3 pm of
the surface, however, there is no good estimate of the defect density created this way.
A thinned piece of this material was placed in a diamond anvil cell (DAC) for the high
pressure measurements, along with a small chip of ruby used to determine the pressure,
The cell was cooled to 15 K in a flowing He cryostat for PL measurements, but was raised
to room temperature for each pressure adjustment. Excitation was typically 10 mW from

Mat. Res. Soc. Symp. Proc. Vol. 163. #1990 Materials Research Sociaty
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and Ar* ion laser (5145 A), and the PL analyzed by a conventional double scanning
monochrometer and a cooled Ge PIN photodiode.

The spectra in Figure 1 show both band edge {free exciton) and I, luminescence
from atmospheric pressure to almost 50 kbar. The FEqo replica of the free exciton
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Figure 1. Photoluminescence spectra versus hydrostatic pressure. The full spectra are plotted
with the 1, intensity normalized, while the FE region is addiuonally plotted at constant FE
intensity.

moves down in energy, following the X-band cdge with which it is associated. The I,
spectra consist on an intense no-phonon line (at 1018 meV in the atmospheric pressure
spectrum), and a vibronic structure on the low energy side produced by emission of a
photon with a lattice vibration. As expected for a deep level, the 1, energy doesn’t follow
the band minimum, and in fact goes up with pressure, reflecting contributions to the I,
clectronic state from the other band minima. Figure 2 summarizes these energy shifts.
A linear fit of the FEo line gives a slope of -1.68 (+0.05) meV/kbar. This gives the
most accurate value to date for the pressure dependence of the X band edge [6,7]. The
full spectea in Fig 1 are plotted normalized to the I, intensity, while the short insets show
the FEyq line at fixed intensity. Over this pressure range the 1, intensity drops by more
that 3 orders of magnitude (right axis of Fig. 2), while the FE intensity remains about
constant.  This change was reversible, with the 1, intensity returning upon returning to
low pressure,  Above 50 kbar I, became unobservable, well before the anticipated
crossing with the FE edge at about 70 kbar. That, coupled with the steady nature of this
deerease, suggests that something quite unanticipated is happening to the I, level under
applicd pressure,

Due 1o the complexity of optical excitation and recombination, there are a number
of Tactors which may contribute to a change in photoluminescence intensity such as is
observed Tor 1, under pressure. They can be broken into three groups : 1) reduced



radiative efficiency of I, 2) reduced capture rate for I, and 3) reduced steady state
carrier density due to other recombiration channels. The remainder of this paper wiil
attempt to analyze the possible sources of this effect in the light of several additional
experiments, and to relate to what this might indicate about the I, bound exciton.
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Figure 2. Variation in FEro and I, energies with pressure. The dotted line shows the FE edge,
which is 15 meV below the X band edge, based upon a TO phonon encrgy of 58 meV. The drop
in I, intensity, shown on the right axis, shows the demise of I, well before crossing the band edge.

ELECTRONIC STRUCTURE OF I,

One potential signature for changes in the I; ground state could be observed directly
in the PL spectra of Figure 1. A significant change in the wave function could change the
lattice relaxation associated with the exciton, thus changing the vibronic coupling. The
vibronic structure in these spectra does not vary over this pressure range. This suggests
that the exciton doesn’t undergo a significant change which might, in turn, cause a change
in the radiative efficiency.

Another internal mechanism for reduction of the I, radiative efficiency is the
possible involvement of a low lying excited state. This has been suggested by others
based upon a highly nonlinear uniaxial stress dependence and multiple activation energies
used in fits to PL temperature dependences [4]. The clear change in the pressure
derivative of the I; energy (Fig. 2) is also suggestive of an interaction with such a low
lying excited state. If such a state was non-radiative, then populating it would reduce the
overall radiative efficiency of the defect. A good test of this, however, is found in the
temperature and pressure dependence of the PL intensity found in Figure 3. For three
different pressures, the I, luminescence begins to quench between 20 K and 30 K, and
more importaatly, the intersity in the low temperature limit is independent of
temperature, but still strongly dependent upon pressure. If a pressure induced reduction
of the energy separation of such an excited state was causing the quenching of I, one
would expect to see a significant change with temperature, even at 10 to 15 K. The solid
lines in Fig. 3 are fits to an expression for thermal partition between the radiative I,
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ground state and the nearest band. The activation energy from these fits varies from 45
meV at 22 kbar to 35 meV at 44 kbar. Although this variation may be experimentally
significant, it is not sufficient to explain the loss of intensity in the low temperature limit.

The possibility of a low lying
non-radiative excited state is not the only
mechanism for excited states to effect the
photoluminescence from I, Although the
capture mechanism for this type of defect
is entirely unknown, it is expected that
excited states, particularly shallow ones,
play a significant role in capture processes.
If application of pressure changed the
presence, or depth, of such states, it might
greatly effect capture at the center. This
might be expected to happen for I, as its
ground state moves closer to the band
" edge. A search for excited states has been

100 performed using  photoluminescence
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Figure 3. Temperature and _pressure yp) s inaccessible to conventional dye

dependence of I, PL intensity. The large |,qore the optical source used was a
variation in intensity with pressure in the low >

temperature limit and the fixed quenching L'_Nbol optical - parametric  oscillator,
temperature and slope indicate that the 1, using a Cu-vapor pumped dye laser as a
thermal  binding energy doesn’t vary pump source. This system provides
significantly with pressure. continuously tunable 15 nsec pulses at 5
kHz in the 1.0 to 2.5 pm spectral range, with a usable average power of about 10 mW
and a linewidth of about 0.5 meV (4 cm!). Figure 4 presents both PL and PLE spectra
for 1, at atmospheric pressure. Unfortunately, the signals were not strong enough to
perform this measurement in the diamond anvil cell. For the PLE the luminescence
detected was the integral of the no-phonon line, and the laser was scanned toward higher
energies. All of the structure in this PLE spectrum is identifiable as the anti-stokes
vibronic structure resulting from excitation into the I, ground state plus creation of a
phonon. No extra lines could be found which might result from resonant excitation into
a no-phonon excited excitonic state. Resonant excitation of the no-phonon line and
detection of PL in the TA phonon band provided a relative measure of the I, absorption.
The thick vertical bar in Fig. 4 represents the strength of an equivalent excitation in the
PLE. No excited states appear on this scale, although, any with an oscillator strength a
factor of 10 less than the ground state would be difficult to distinguish from the vibronic
background.

Excited states have been observed for two similar defects in silicon, the C radiation
damage center [8), and the P defect associated with oxygen precipitation [9]. Both of
these defects revealed a series of lines in PLE very similar to the spectrum for excitation
of an effective mass donor. The model presented for the excitonic state at these centers
was of a hole bound tightly (~300meV) to the neutral defect, and an electron then bound
to the positively charged center by its Coulomb potential. The PLE lines resulted from
resonant excitation of a hole bound to the defect and an electron in an excited hydrogenic
state. The lack of such lines for the I, center may indicate that this psuedo-donor (or
psuedo-aceeptor) picture may not fit 1, at all. This apparent difference may involve the
fact that the 1, level is shallow enough that neither electron or hole may be bound that
strongly, and neither may be effective mass like.
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Figure 4. Photoluminescence and PLE spectra of I, at atmospheric pressure. The two PLE
spectra are different runs under the same conditions. Most of the vibronic structure in both the
PL and PLE is associated with the denoted bulk phonons; no excited states were discernible in
the PLE. The heavy line is the expected strength for an excited state with oscillator strength equal
to the ground state. The dashed line marks an estimated fractional absorption based upon
a=0.15 cm! at 1190 meV and a length of 30 um, the approximate exciton diffusion length.

One other technique which might help discers: whether the pressure induced change
in the 1, exciton is internal or not is that of luminescence lifetime. If the oscillator
strength of the transition is changing with pressure then this should be reflected in the
lifetime. Figure 5 shows the luminescence decay time for the I, center at atmospheric
pressure. This data was taken using pulsed excitation from a cavity-dumped Ar+-ion
laser and time correlated photon counting with an S-1 photomultiplier tube. This is the
only phctocathcde with any sensitivity at the I, wavelength (1217 nm), and there its
quantum efficiency is about 10-¢. This poor sensitivity made its application to the
diamond anvil celt irnpossible. The three decay curves shown are for the free exciton, the
1, no-phonon line, and the direct response to the laser. The 200-400 nsec lifetime of the
free exciton is most likely coming from the bulk of this 400 pm thick sample. The 40 nsec
decay time observed for I, is therefore an upper limit on its lifetime. This is the first
reported decay time for this defect, and it is noteworthy that it is significantly shorter
than has been reported for a number of similar defects, which range from around 10 to
more than 1000 psec [1]. If the radiative efficiency is high, then this defect could have
alarge oscillator strength. If the measured lifetime is entirely radiative, then the oscillator
strength would be greater than 0.1. This must serve as an upper limit, however, as the
radiative efficiency of this transition is not known.

The final mechanism that might cause the loss of I, luminescence with pressure is
the possibility of increased capture and nonradiative recombination at other defects in
the damage layer. This competitive recombination channel could reduce the local density
of carriers available for capture at I, centers.
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SUMMARY

We report the first study of low temperature photoluminescence in crystalline
silicon at high hydrostatic pressure. This has produced a more accurate value for the
pressure dependence of the X-band edge and demonstrated the multi-band contributions
to a deep excitonic level (1,). The photoluminescence from this level is quenched by
pressure well before the projected crossing with the band edge. Luminescence lifetime,
photoluminescence excitation spectroscopy, and PL temperature dependence have been
employed to try to discern the cause of this effect. Although the mechanisim for this
unusual behavior is still not certain, the results have provided new information about I,
in the determination of its luminescence lifetime (40 nsec), and the apparent lack of an
excited state spectrum.

*Supperted in part by the U.S. Office of Naval Research under contract
N00014-85-C-0868.
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ODMR OF SHALLOW DONORS IN Zn-DOPED LEC-GROWN InP

J.M. TROMBETTA* AND T. A. KENNEDY
Naval Research Laboratory, Washington, DC 20375

ABSTRACT

ODMR spectra observed while monitoring the shallow donor-shallow acceptor pair
emission in Zn-doped LEC-grown InP display strong features in the region near the conduc-
tion electron value of g=1.20. In addition to a previously observed rarrow line, we observe a
much broader resonance which dominates at low photoexcitation intensity. This broader line
is interpreted as the unresolved exchange split resonances of electrons bound to residual shal-
tow donors. The exchange broadening arises from interactions with nearby paramagnetic
centers. Both resonances result in a decrease in the shallow-donor-to-shallow-acceptor radia-
tive recombination and give evidence for pair recombination processes which compete with
this emission.

INTRODUCTION

Recombination in bulk semiconductors is generally influenced by the presence of
defects. The use of ODMR (Optically Detected Magnetic Resonance) has, in many cases,
identified a participating deep level species through signature structure such as a strong hy-
perfine interaction[1,2). In contrast, only a few shallow centers have been unambiguously
identified by this technique. One such example is the In donor in ZnO[3]. In several II-VI
semiconductors, ODMR has been utilized to study the electron-hole exchange interactions
present in donor-acceptor close-pair recombination[4,5]. Recently, an extensive optically
detected electron nuclear double resonance study has demonstrated the effective-mass-like
character of a donor in GaP([6].

Shallow donor magnetic resonance in InP has received limited attention to date. The
theoretical g-value obtained by Lawaetz[7] using kep perturbation theory is g = 1.20. A nar-
row electron paramagnetic resonance line with g = 1.20 was observed in slightly n-type InP
by Goltzene ez al.[8) and ascribed to residual shallow donors. In two recent observations a
very narrow conduction electron spin resonance at g = 1.2042 £ 0.0005 has been assigned to
electrons in a shallow donor impurity band[9,10]. The resonance of conduction electrons has
also been observed through the polarization of photoluminescence in epitaxial n-type InP{11],
The g-value of shallow electrons is thus well understood and distinct due to its considerable
shift from the free electron value of 2.0023.  An carly ODMR observation of a narrow line
(20mT) near this g-value was made by Yan Dawei e1 al.[12] in a study of InP:Mn. This fea-
ture was assigned to electrons either in the conduction band or bound to donors. Robins et
al [13] observed a similar feature in LEC-grown InP:Zn. Both of these works emphasized
deep centers.

In this work we report a detailed study of two donor-like resonances observed in light-
ly Zn-doped InP. The new resonance, which is strongly inhomogeneously broadened, can be
assigned to electrons bound to residual shallow donors. The dependence of these resonances
upon photoexcitation intensity, microwave modulation frequency, and other parameters pro-
vides information about the recombination proceses which involve the shallow donor.
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EXPERIMENTAL DETAILS

The sample used in this study was a sinFIe crystal of Zn-doped LEC-grown InP with a
room temperature hole concentration of 5 x 1015 cm3. The ODMR measurements were per-
formed at microwave frequencies of 24 GHz or 35 GHz in superfluid helium at 1.6 K within
an Oxford Instruments optical split-pair magnet system. The 50 mW microwave power
sources were on - off modulated at 35 Hz to 80 kHz. The optical excitation was achieved
with either a He-Ne laser (633 nm) or a Kr ion laser (647 nm). The photoluminescence was
detected along the magnetic field with a Si photodiode with the exciting light filtered out
using a 780 nm (Schott RG780) long pass filter. In this configuration the collected lumines-
cence was dominated by the emission at 1.37 V. To obtain the spectral dependence of the
ODMR, a Bausch and Lomb high intensity monochromator was inserted in the luminescence
collection path. ODMR was detected synchronously with the microwave modulation as a
change in either the total or the circularly polarized component of the photoluminescence.
The ODMR spectra were then obtained by subtracting off the linear component of the non-
resonant backgound.

RESULTS

The optical recombination properties of Zn-doped InP have been studied by Robins et
al. [13] using the ODMR technique. The resonance due to Py, antisites was detected as an in-
crease in the emission at 0.8 eV and as a decrease in the shallow-donor-to-shallow-acceptor
emission at 1.37 eV. Their results supported an identification of the 0.8 ¢V emission as
antisite-to-acceptor pair recuibination. These processes are summarized in the energy level
diagram shown in Fig. 1. Oiber possible deep level processes (Fig. 1) will also be discussed.

ODMR spectra obtained at 24 GHz in the magnetic field region near g = 1.2 while
monitoring the total shallow-donor-to-shallow-acceptor (DA) pair emission are presented in
Fig. 2 for three different photoexcitation intensities. The spectra contain a narrow (16mT)
line with g = 1.20 £ 0.01 as a decrease in the total luminescence. Measurements performed
with 35 GHz microwaves have confirmed this g - value. A new, much broader (80 - 140 mT)
feature appears with decreasing photoexcitation intensity, also causing a decrease in the emis-
sion. Both resonances are isotropic within the experimental error. From the g value of these
lines it is likely that they both arise from effective mass - like electrons. Both signals contrib-
ute their largest fractional change in luminescence at low photoexcitation intensity. As the
photoexcitation intensity is increased, however, the broad line decreases sharply while the
narrow line decreases only slightly. Above 0.1 W/cm? the broad line cannot be distinguished
from the wings of the narrow line but the narrow line does not decrease in strength up to at
least 10 W/cm2. Whereas the process giving the broad line is substantially saturated by a high
excitation density, the narrow line process is not. This result suggests that the recombination
rate for the process giving the broad line is considerably lower than that of the narrow line.

It is possible to obtain information about the recombination rates from a study of their
characteristic response times under the on - off modulation of the microwaves. The in-phase
and quadrature coraponents of the two ODMR signals as a function of the modulation fre-
quency are shown in Fig. 3. Both in-phase signals decay in amplitude as the frequency in-
creases, but the broad resonance disappears at frequencies roughly an order of magnitude
lower than the narrow resonance. The in-phase and quadrature components become equal
when the signal lags the modulation by 45°, which, for the broad resonance, occurs at a much
lower frequency than for the narrow resonance. Thus, the overall response rate of the broad
resonance is considerably lower than that of the narrow resonance. It is likely that this results
from a difference in recombination rates as was evidenced by the difference in photoexcita-
tion intensity dependence.

A study of the intensity of the narrow line and the shallow DA pair photoluminescence
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(PL) intensity versus the emission wavelength is shown in Fig. 4. The ODMR and the PL in
tensities were measured with a resolution of 12 nm and a photoexcitation intensity of 100
mW/cm2. The PL intensity is peaked at A =901 £ 1 nm while the peak of the wavelength dis-
tribution of the ODMR resonance is at A =911 £ 2nm. The ODMR is observed only for the
long wavelength tail of the PL distribution. In particular, only the most distant DA pairs pres-
ent, having the longest emission wavelength as well as the lowest recombination rate [14},
participate in the ODMR process. As is discussed below, this result provides a clue to the na-
ture of the spin dependent process involved. The broader resonance was not of sufficient in-
tensity to be studied in this manner.

DISCUSSION

The spin dependence of a donor-acceptor-pair recombination has been considered
thoroughly elsewhere [4], but the basic principles will be briefly reviewed here, We consider
a simple DA pair excited state in which both the electron localized on the donor and the hole
localized on the acceptor have spin 1/2. The comresponding energy levels in a magnetic field
are shown in Fig. 5 with the states designated by the spins of the donor and acceptor. The
large arrows represent the allowed radiative optical recombinations while the small arrows in-
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dicate the microwave transitions which change the spin of the donor electron. A weak
electron-hole exchange interaction, J, splits the resonance into two lines separated by AB =
Jf2gnp . If the spin-lattice relaxation is much slower than the optical recombination (non-
thermalized spins), then the states corresponding to the forbidden transitions (+ + and — ~)
will have populations which are greater than the states corresponding to the allowed transi-
tions (+— and ~ +). In this case both microwave transitions result in an increase in the emis-
sion. It should be noted that a decrease in a given emission can result from the increase of a
competing process. Such a "shunt" process could be a recombination involving another cen-
ter or a nonradiative component of the recombination under study. A distribution of exchange
splittings is anticipated when a distribution of donor-acceptor separations is present.

ODMR of shallow donors in several other semiconductors such as GaP{6], CdS[5],
and AlAs[15] has previously been reported and for most of these observations, the resonance
linewidth was below 20 mT. Cox and Davies [5] have studied shallow donor resonances on
donor-acceptor recombination in CdS with exchange splittings from 10 to 1000 mT. Due to
its inhomogeneous broadening relative to the narrow line, the broader resonance observed
here is assigned to electrons bound to residual shallow donors of an unknown species and not
to conduction electrons. It is likely that this resonance arises from the recombination of a
donor paired with another center and its lineshape arises from exchange interactions with this
center. The average exchange interaction in this picture can be estimated from the linewidth
to be roughly 3 peV, a value similar to those measured for the shallow DA pair emission in
CdS [5]). Other possible broadening mechanisms include shallow donor-shailow donor ex-
change interactions.

The two resonances observed here cause a decrease in the total emitted intensity from
shallow DA pairs, while the resonant change in the polarization of this emission was
measured (o be nearly zero. Thus in consideration of the model described by Fig. 5, these
resonances cannot simply arise from the spin dependence of the radiative recombina-
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tion of shallow-donor-shallow-acceptor pairs. They therefore originate from competing or
"shunt" recombinatior. processes. Photoluminescence measurements on this sample reveal
the antisite to acceptor emission and an unidentified band near 1.0 eV (Fig. 1). Temkin et al.
{16] have assigned a broad PL band at 1.0 eV in LEC InP to the P vacancy and Skolnick et al.
[17] have observed a PL emission at this energy in Cu diffused material. The ODMR
measurements by Robins ef al. [13] on the same material included a broad resonance at g =
2.0 having a photoexcitation intensity dependence quite similar to that of the broad donor
resonance observed in the present studies. Thus it is plausible that both of these resonances
arise from the same recombination, and constitute the two partners in a pair recombination.

The narrow resonance arises from a process which is considerably « tower than the
average shallow DA pair recombination in this material as evidenced by the data of Fig. 4.
For example, this resonance could arise from a pair recombination involving a deep center
such as the Py, antisite. A slower process such as this could effectively compete only with the
most distant DA pairs, causing the wavelength dependence observed. It is also possible that a
nonradiative component of the shallow donor - shallow acceptor pair recombination gives rise
to this resonance. The lack of participation of the closest (fastest) DA pairs in the ODMR
(Fig. 4) might result if the microwave excitation rate is not high enough to affect the spin pop-
ulations of these pairs.

Finally we note that in Fig. 2 the broad resonance peaks at a lower field than the nar-
row resonance at g = 1.20, apparently shifting to lower fields and narrowing with decreasing




excitation intensity. The position of the peak of the broad resonance is 36 mT below that of
the sharp resonance at the lowest excitation intensities employed here. It is possible that the
slower, more distant pairs observed at lower excitation intensity have more nearly equal popu-
lations in the (+ +) and (— +) states, due to spin thermalization, compared with the faster pairs
observed at higher excitation intensity. The result would be a decrease in the intensity of the
high field-split lines (Fig. 5) for these pairs, and thus an apparent shift to lower field. Further
studies of this effect are in progress.

SUMMARY

ODMR studies of two isotropic resonances at the shallow electron g-value of g = 1.20
in Zn-doped LEC-grown InP are reported. While the broader resonance appears only at low
photoexcitation intensity and low modulation frequency, the narrow resonance can be ob-
served under high excitation and at high frequencies. Both resonances result in a decrease in
the shallow donor - shallow acceptor pair emission at 1.37 eV. Because of its inhomogeneous
broadening relative 1o the narrow line the broader line is assigned to the unresolved exchange-
split resonances of electrons bound to residual shallow donors. The results reveal an addi-
tional recombination process involving the residual shallow donors in this material.
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COMPLEX DEFECTS IN SEMICONDUCTORS

B. MONEMAR!
Max-Planck-Institut fir Festkorperforschung
Heisenbergstr. 1, D-7000 Stuttgart 80, Federal Republic of Germany

ABSTRACT

Complex defects in semiconductors are briefly reviewed, with emphasis on the electronic
structure. Classes of such defects with a varying degree of complexity are discussed, with
reference to recent optical data for neutral defects in GaP and silicon. These include Pg,-
antisite related substitutional complexes in GaP, Ga;-acceptor complexes in GaP, substitu-
tional chalcogen complex defects in silicon and vacancy-impurity complexes in silicon.

I. INTRODUCTION

The importance of defects in determining relevant properties of semiconductors was
realized at an early stage, and already in the 1950°s a considerable amount of work was
carried out on defect characterization, in particular concerning shallow dopants. Ever since
there has been a steady increase in the activity in this research area, and most physical
aspects of shallow impurities are now understood, at least on a practical level. {1} The more
detailed studies of deep levels in semiconductors started later (in the 1960’s and 1970’s), but
a great deal of progress has been done, particularly on point defects. [2] There is another class
of defects, however, where progress has been much slower, namely complex defects, which
typically consist of more than one defect site, and have a low symmetry. [3} Such defects
commonly occur in most semiconductors, part:cularly as a result of various processing steps,
and are of practical importance as residual defects that very significantly affect various
properties like carrier recombination, lifetimes and degradation be%navior. The problems of
calculating properties of such defects from first principles with a sufficient accuracy are not
yet commonly addressed, although a few cases have been attempted. [4,5,6}

Experimentally there are two major picces of information to be extracted in order to ob-
tain a satisfactory understanding of complex defects: (a) the identity of the defect, i.c. the
local geometrical arrangement of the atoms participating in the defect structure, and (b) the
electronic structure of the defect, i.e. the bound electronic states and their properties. The
first problem seems to be a real bottleneck, since there are, so far, no generally applicable
techniques developed with a sufficient sensitivity to selectively study the structure of a spe-
cific complex defect, which is often of lower concentration than other defects (or impuritics)
in the material. Recent advances on this problem will be exemplified below. The clectronic
structure can in many cases be studied with optical perturbation spectroscopy [3,7), including
the recently developed optically detected magnetic resonance (ODMR) techaiqgue. [8,9)

This paper summarizes briefly some recent developments in the study of physical prop-
erties of complex defects, with emphasis on the electronic structwme. Different classes of
complex defects are briefly discussed, demonstrating the degree of complexity that oceurs,
Simple models for the electronic structure are discussed, in relation to optical data for nen-
tral defects from excited state perturbation spectroscopies. A number of recently studies
experimental cases are demonstrated, for complex defects in GaP and silicon.

1Permanent address: Department of Physics and Measurement Technology, Materials Serenee Division,
Linksping University, 5-58183 Linkgping, Sweden.
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II. CATEGORIES OF COMPLEX DEFECTS

The very simplest example of a complex defect is just an impurity atom that is relaxed
from a normal Ty lattice symmetry. For substitutional atoms such relaxations may be large
and lead to rebonding, as recently suggested e.g. for the DX donor centers in III-V materials
[6], and possibly also for some donors in II-VI materials. {10} Similarly, interstitial atoms
may also be relaxed from high symmetry positions, as suggested e.g. for Li donors in GaP
[11], and for O and N impurities in silicon, in which case a rebonding and relaxation to lower
symmetry occurs. [12,135)

The next step in complexity is a pair of point defects or impurity atoms. The divacancy
{14) and the V-O center (A-center) |12} in silicon are well known such examples involving
ntrinsic defects, with rebonding occurring so that the defect symmetry is lower than the
lattice symmetry. Simpler cases are the substitutional impurity pairs, where the impurity
a’ums often approximately occupy the regular lattice positions (Fig. 1a). Well known
examples are the radiative N-N pairs in GaP [16]. Another class of simple complex defects
is the substitutional-interstitial impurity pair g“ ig. 1b). Good examples of these are shallow
acceptor-interstitial transition metal pairs, such as Fe;-B, or Cr,-B, pairs in silicon. {17] This
latter category is also relatively simple in the way that the atoms occcupy approximately
high symmetry positions, and no rebonding occurs. Further examples of such defects will
be discussed below. When substantial rebonding occurs the defect structure becomes more

Figure 1: Examples of different complex defects: (a) a substitutional pair, (b) a substitu-
tional-interstitial pair, (c) a rebonded defect containing a split interstitial.

complicated. Relatively simple defects like the C,-C; G-line defect SFig. 1c) or the C,-
0, C-line defect in silicon [18,19] become complicated by metastability via switching of
bonds related to such rebonded configurations, which gives rise to a multiplicity of both
the geometrical and the electionic structure of the defect. {20] Even more complex defects
occur as prestages of precipitation. The so called thermal donors in silicon have been studied
experimentally and theoretically for over 30 years, but no firm conclusion exists as yet for
the structure of these defects, which are assumed to be a family of O-related aggregates. (21]

IT1l. ELECTRONIC STRUCTURE OF NEUTRAL COMPLEX DEFECTS

We shall here limit our discussion of the electronic structure of complex defects to the
neutral charge state of such defects. This case in fact covers most of the experimentally
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encountered situations at low temperature, and also shows the richest variety in properties.
Also, neutral defects can be studied by a number of optical techniques. Complex defects
often have several charge states though, which can be stabilized by a suitable position of the
Fermi level, or by excitation.

A neutral complex defect can in its ground state usually be characterized via a {o/+)
’donor’ level of a (-/0) *acceptor’ level, where the labelling *donor’ and *acceptor’ is commonly
used in literature, in analogy with the similar charge states for shallow donors and acceptors.
Actually many defects have both a (-/o) and a (o/+) level in the gap, in fact (as will be
shown below) more than one (-/o) or (0/+) level may be present for the same defect. Often
(o/+) levels occur close to the valence band and (-/o) levels close to the conduction band,
i.e. in general we are dealing with genuine deep level properties.

Reliable theoretical calculations of the electronic structure of complex defects, in general,
do not yet exist, so it is useful to refer to simple physical models. A neutral defect is chara-
terized by a potential, that may or may not have a Coulomb part. We shall schematically
illustrate the problem with the example of a complex neutral defect, which has a deep (o/+)
level in the gap. A deep complex single donor e.g. has an electron-attractive local potential,
which contains as one part the Coulomb ficld from the donor core (Fig. 2a). The potential is
otherwise dominated by the local atomic potentials of the defect atoms and the local strain
field, which is often quite strong. [7] The result is a deep (o/+) donor level in the gap, which
characterizes the electronic ground state.

On the other hand there are other neutral defects which have a decp (o/+) level in the
gap, but have a quite different potential, and consequently different properties. If e.g. the
electron active in this level is localized to a bond reiated to an impurity atom at the defect

see e.g. Fig. 1c), there will be no hydrogenic Coulomb potential present in the defect core
Fig. 2b). Excitations of the defect simply involves taking away the electron from the local
bond, either to the valence band (hole capture) or to higher energy states.

{a)
(b)

I

-

ELECTRON ENERGY

ELECTRON ENERGY

Figure 2: Schematic defect potential for (a) a defect with a (o/+) deep donor level| (b) a
neutral defect with a (o/+) level, but lacking a donor Coulomb potential.

The excited states corresponding to these two different cases of (of+) levels are also
different. The deep donor ground state can be optically excited from the 1sAy gronnd state
to higher more or less effective mass (EM) like states close to the conduction band (Fig. 3a),
as demonstrated e.g. for deep chalcogen donors in Si. [22] Donor bound excitons can also be
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created, due to the presence of a (-/0) level at higher energies. In the second case discussed
above an optical excitation means the creation of a bound exciton (BE) state, either directly
by below band gap absorption, or by hole-capture followed by a secondary capture of an
electron in the Coulomb potential of the bound hole. The latter case is a ’pseudo-donor’
case, where the Coulomb potential is only present due to the excitaion (not before), and
the 1sA, psevdo-donor level is separated from the (o/+) ground state by the BE electronic
energy (Fig. 3b).

conduction band conduction band
— 3 o
1sA,
{a) {b)
(0/7¢) —— leay {0/+)
valence band valence band

Figure 3: Comparison between excited states of (a) a deep donor (o/+) level and (b) a deep
neutral defect (o/+) level, which gives rise to pseudo-donor states.

The case presented above in connection with Figs. 2 and 3 concerned (o/+) ground state
levels, associated with either donor-like or pseudo-donor-like excitations. Similarly for (-/o)
levels, one can in an analogous way expect acceptor-like and pseudo-acceptor-like excitations,
respectively, for different types of neutral defects. Following the above mentioned example,
a local bond eiectron would typically tend to be acceptor-like, i.e. produce (EM) like excited
acceptor states close to the valence band, wh.le an electron-attractive neutral potential would
tend to give rise to pseudo-acceptor states via the (-/o) ground state level.

The above scheme may for some cases be oversimplified, but is believed to cover a quite
large range of complex defects giving rise to deep (o/+) and (-/0) levels in the band gap.

IV. EXAMPLES OF ELECTRONIC STRUCTURE OF NEUTRAL COMPLEX DEFECTS

In the following some recent experimental data on complex defects will be reviewed,
with emphasis on the electronic structure obtained. We concentrate on some relatively
simple cases of non-rebonded defects, but will also mention some preliminary results on a
vacancy-related complex in silicon.

IV.A. Pg, antisite-1elated complexes in GaP

Pg, in GaP is rather well documented in literature, and is a deep double donor with levels
around midgap. (23] If this donor is made part of a complex with a double acceptor such
as Cug,, a neutral substitutional complex defect is expected to be formed with symmetries
corresponding to the relative Ga-site lattice positions occupied. In recent experiments on
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optical detection of magnetic resonance (ODMR), three different spectra corresponding to
one (110) and two (111)-oriented such defects were in fact observed and tentatively identified
as due to CugaPg, pairs. [24,25] (Fig. 4) These correspond to excited triplet BE states,
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Figure 4: ODMR spectra for Cu-Li diffused GaP, showing triplet resonances for three differ-
ent Pg,-Cug, related complex defects. The central hyperfine interaction for Pg, is clearly
resolved in all cases, but is of varying magnitude for the different defects.

formed via exchange interaction between a spin-like electron and a spin-like hole. [7] The
ground state is in all cases deep around midgap, and is diamagnetic, 5=0. This means that
the two extra electrons in the Pg, can be assumed to fiil in the missing bond electrons due
to the nearby Cug,. In the excited BE state there is evidence that both carriers are strongly
localized, the electron probably more than the hole. {26] Therefore, in fact, these ODMR
data do not give a clear indicaton whether the ground state observed is connected with a
(o/+) level or a (-/0) level, in the absence of theoretical calculations. The fact that rather
strong hyperfine (HF) splitting from Pg, is observed for the electron in the BE (Fig. 4), and
no such splitting for the hole, argues for a (-/o) ground state level above midgap.

1V.B. Ga-interstitial related complexes in GaP

Some years ago a triplet resonance ODMR signal was reported in O-doped GaP {27,28],
and tentatively related to the O~ chaige state of the substitusional O donor, in a relaxed
configuration. The resonance shows a clear HF splitting for a single Ga atom, and was
recently reinterpreted as due to a complex involving Ga,, Ga,-X. [29] Here X is an unknown
acceptor-like component, possibly a shallow acceptor. The experiences with this defect show
the importance of excitation travsfer in interpreting ODMR spectra for excited states of




complex defects. [30,31,32] The defect gives rise to a deep PL band with a near-midgap
ground state level, presumably a (-/o) level due to the strong potential of the Ga; atom. A
similar deep PL band was recently reported for Cu-doped GaP,(Fig. 5) with an even larger
Gay-related HF splitting in the ODMR triplet resonance spectrum. [33] Thus there seems
to be a family of Ga,-re%ated complexes with deep (-/o) levels just above midgap in GaP.

GaP:Te, Cu. Li
T=9.5K

Bl <100>

Bl <110>

0 0.2 0.4 0.6 0.8 1.0
MAGNETIC FIELD (T)

Figure 5: ODMR spectra for the Ga,-Y defect in GaP taken at 9.5K and 9.2 GHz. A triplet
tesonance is observed where the Ga,-related central hyperfine splitting is clearly resolved.
Features D and R do not belong to the triplet spectrum.

IV.C. An S-iclated complex defect in silicon

halcogen donots in silicon have been studied in great detail in recent years, as model
deep donors, both theoretically [3,4) and cxnerimenta%ly. [35,36) Complexes occur as pairs
of such deep donors, and it has been shown theoretically that these chalcogen pairs are
substitutional paivs. [34] Experimentally it bas been shown e.g. that the S; pair donor is a
trigonal deep double donor, with an energy 1sA} (o/+) at 187.61 meV at low temperature.
(36] ‘Theoretically another deen 1sA7 (of+) level is predicted in the lower part of the energy
gap [, since, in fact, in total four clections are left over in the neutral Sp-donor, i.c. they
are not needed for bonding to the surrounding silicon atoms (Fig. 6a). It has recently been
discovered that S-doped silicon appears to have novel intecesting optical properties. Two BE
spectia ave been observed at low temperatute, with no-phonon triplet energies 5§=968.24
weV and §3,=811.96 meV, aespectively. [38] It has been shown that these BE’s belong to
two different configurations of the same S-1elated defect. [39) The defect has recently been
tentatively identitied as the Sy pair defect [40], fiom the spectroscopic fingerprint that S5%-
Sy 15628 meVis indeed very close to the energy difference between the previously studied
levels for the A (0 4) donor level, e, 1s(B7)-1sAT=156.35 meV. [36) Preliminary ODMR
data have shown that the excited BE states have slightly different syminetries [41), but the
hinding energies for the pseudodonor elections are in both cases very similar, close to 66
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meV. [38] The ground state is supposed to have the trigonal symmetry of S, although in
fact for the Sp BE the ground state has one of the donor electrons excited to the 1sE-
state, stabilized by an additional distortion. If this tentative model is correct, it leads to an
accurate determination of the 1sAy (of+) level as E, + 0.137 eV (Fig. 6b). Similar optical
properties seem to be present for the Se, pair in silicon. [42)]
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Figure 6: (a) Schematic picture of the neutral ground state configuration of the S, pair in
silicon. (b) Simplificd one-electron energy level diagram for the S4 excitation of the neutral
S; pair defect.

IV.D. The deep 0.615 meV pseudodonor BE in silicon

Another deep BE spectrum in highly C-doped electron-irradicated Cz silicon has recently
been studied in some detail. It has a BE zero phonon line at 0.615 eV at 2K, belonging to a
metastable configuration that can be created by optical band gap excitation below T0K. [43]
The defect is tentatively identified as a C,0,-related neutral complex, with a (of+) energy
level at about E, + 0.34 eV, very similar to the (o/+) energy level of the C-line defect, also
C.0,-related. [48) The mechanism of the transfer into the metastable configuration at low T
is suggested to be the free exciton Auger recombination, which assists in the reorientation
of the defect. {45] An interesting aspect of the optical spectrum of this defect, as shown in
Fig. 7, is the demonstration of a deep (o/+)* pseudo-donor level. The 1sA, ievel of the
pseudodonor is situated at 0.615 eV above the (0/+) ground state level, but higher s-like
excited pseudodonor states are observed at around 0.780 eV, Is(E+T:), at 0.784 €V, 25(A,)
and at 0.802 eV, 2sSE+T2). The splitting pattern of these states is consistent with a low-
defect symmetry. The ionization edge is determined as 0.811 ¢V, meaning a pscudo-donor
binding energy of 0.196 eV at 2K, the deepest pseudo-donor state so far established in silicon.

The defects discussed above under IV C and D have the property in common that they
have a (of+) level deep in the gap, which is not a normal deep donor state, but rather
a state related to the capture of a hole to the defect, in the process of creating the BE.
This strongly localized hole in low symmetry is then naturally spin-like giving rise to a BE
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Figure 7: Absorption spectrum of an electron-irradiated Cz silicon sample after 30h excita-
tion at 4K with band gap light. (a) The no-phonon region showing the 0.615 eV no-phonon
BEline. (b} Excited states related to the pseudo-donor 1sA, ground state. The lines marked
C1-Cs belong to another defect, the so-called C-line defect [19).
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electronic structure as a triplet-singlet {TS) pair at lowest BE energy. [7] The fact that in
many cases for BE’s in silicon only the singlet (and not the triplet) is observed in PL spectra
is not yet fully explained, but may be due to either a small TS energy splitting, so that the
weak T-state is always thermalized into the S-state, or the T-state may sometimes have a
completely forbidden optical transition probability to the ground state. [46] The majority of
defect BE lines observed in silicon are within this BE category, i.e. they show either triplet
or singlet character for the lowest electronic BE PL line.
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X 1 l
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e — N— — /
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] 1 :: 1 1 ] 1 ] ]
0.15 0.17 0.28 0.32 0.36

MAGNETIC FIELD (T)

Figure 8: ODMR. spectrum for the so-called HVH complex in silicon, showing a negative
triplet spectrum, with resolved hyperfine splitting tentatively assigned to two 'H atoms (see
inset).

IV.E. A hydrogen-vacancy complex in silicon?

Hydrogen is known to passivate both shallow and deep defects in silicon, by complex
formation. Only in a few cases have the structure of these complexes been suggested from
experimental data, however. {47) Recent ODMR studies of the H; plasma-treated silicon
reveals a strong triplet ODMR spectrum (Fig. §), with rather sharp lines, which have
hyperfine (IIF) satellites suggested to be due to interaction of the electronic spin with two
hydrogen nuclei. [48] The spectrum also reveals a C,, symmetry, as expected for a vacancy
in the neutral charge state, if two of the dangling bonds are rebonded, and the other two
are saturated with two H atoms, i.e. the HVH configuration schematically depicted in Fig.
9a. It should be pointed out that this model is still tentative, and further experiments
are in progress. The electronic structure of the defect can be understood in terms of an
excited (o/+)" level, where a hole is created in the distorted bond of the defect, and the
corresponding clectron is instead occupying an antibonding state. (Fig. 9be The position
in the energy gap of these levels has so far not been obtained experimentally, so even the
model of the electronic structure should be regarded as tentative.
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Figure 9: (a) Schematic model for the geometry of the so-called HVH defect in silicon (b)
Suggested electronic structure for the HVH defect, related to the ODMR observations.

V. SUMMARY AND CONCLUSIONS

The above discussion of some simple elements of the electronic structure of complex
defects, exemplified by a set of recent experimental data for a number of neutral such de-
fects, is intended to give the impression that complex defects must be discussed within the
framework of deep level theory. There is in general a lack of sufficiently accurate determi-
nation of the geometrical and electronic structure of such defects. Recently progress has
been made on both the identification part and the electronic structure, in particular from
accurate experiments on ir transmission and ODMR, as partly demonstrated in this work.
We feel we are, in fact, rapidly approaching the situation where a number of simple examples
of complex defects will be identified with a reasonable degree of confidence, regarding both
their geometrical and electronic structure.
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THE ELECTRONIC STRUCTURE OF INTERSTITIAL IRON IN SILICON

A THILDERKVIST, G GROSSMANN, M KLEVERMAN, AND H G GRIMMEISS
Department of Solid State Physics, University of Lund, Box 118, 5-221 00 Sweden

ABSTRACT

A donor-like spectrum in Fe-doped silicon has been studied by means of high-re-
solution Zeeman spectroscopy. Previous work had unambigouosly identified the cen-
ter as the interstitial iron impurity and the spectrum was interpreted as due to the
transitions Fe + hv — Fe;* + ", where an electron is excited to shallow effective-mass-
like donor states. In this paper, we can, by studying the transitions in a magnetic field,
verify the effective-mass-like character of the loosely bound electron. Furthermore, we
also obtain information on the impurity core whose level structure is reflected in the
observed superposition of donor-like Rydeberg series and whose g values determines
the Zeeman splitting pattern.

INTRODUCTION

The electronic properties of the transition metal (TM) impurities in silicon have at-
tracted considerable interest, both experimentally and theoretically, since the pionee-
ring electron-paramagnetic resonance (EPR) work by Ludwig and Woodbury in the
early 60°s [1]. The theoretical understanding of TM impurities has increased during the
last years and it is no exaggeration to state that a basic understanding has been
achieved [2]. Nevertheless, experiments reveal many finer structures which are still im-
possible to predict on theoretical grounds, e. g. symmetry-breaking lattice distortions;
nor can the energy-level structure be calculated with an accuracy comparable to exper-
imental observations. Transmission spectroscopy has proven to be a valuable tool for
gaining deeper insight into the electronic structure of TMs in silicon. No internal d
fransitions have yet beer: identified and the optical transitions so far assigned are from
a localized ground state to shallow donor or acceptor like states.

Recently, the observation of a Feprelated line spectrum in silicon was rel?orted [3].
An isochronal annealing experiment performed on the same sample in both EPR and
transmission showed that the lines originate from transitions at the neutral charge state
of interstitial Fe, Fe. Furthermore, the photoionization cross section for electrons was
measured by photo-EPR and photoconductivity, and compared with previously pub-
lished junction space charge results. The excellent agreement between the different re-
sults showed that the same center was probed by the three methods. The most intense
lines were well accounted for by assuming two superimposed shallow donor-like spec-
tra. Additional,weaker lines, indicated that also a third series may be involved.

Considering the delocalization of the electron in one of the shallow-donor states, it
is reasonable to assume that the interaction between the core and the excited electron is
negligible. Therefore, it should be feasible to consider the final state as built up from
two decoupled systems: a shallow-donor electron and the Fe;* core. The origin of the
superimposed spectra was tentatively assigned to shake-up effects in the final core
state, i.e. different energy levels of the core may be reached in the optical transitions.

In this paper we report on new transmission studies of the interstitial iron impuri-
3' in silicon using Zeeman spectroscolgr. The objective is to identify the origin of the

ifferent superimposed spectra by studying their behavior in a magnetic field, i.e. to
identify the donor character of the excited states and to obtain information on the g-
values of the initial and final core states.

EXPERIMENTAL

Sample preparation

Iron was introduced into orientated and polished silicon samples by means of sol-

Mat. Res. Soc. Symp. Proc. Vol. 163. ©1390 Materials Research Society
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id state diffusion. After evaporation of Fe onto one of the optically inactive sample sur-
faces, the samples were put into quartz ampoules which then were evacuated and sea-
led off. After heat treatment in 1250 °C for 2h the samples were quenched in pump oil
or ethylene glycole.

Experimental methods

The transmission spectra were obtained with a Bomem DA3-02 FTIR spectrometer
equipped with a liquid-nitrogen cooled InSb-photodiode detector. The appodized re-
sglution was 0.5 or 1 cm'L. A'Leybold-Heraeus continuous-flow cryostat was used. In
the Zeeman experiments, an Oxford Instruments spectromagnet was used in the Voigt
configuration and the maximum magnetic field was 6.5T. Different optical filters and
polarizers were made use of when necessary. The absorption signal is about 0.2% and
therefore, the original transmission spectrum was divided by an artificial background
in order to increase the transparency of the spectrum.

THEORY

The EPR spectra of Fe? and Fe;* are well understood in terms of the Ludwig-
Woodbury (L-W) model [lf. According to this model, the atomic d-state is split by the
crystal field into an e and a t, state, the e state being found at an energfr Acpabove the
t, state and these orbitals are ?filled successively in suck a way that the electron configu-
ration gives maximum spin (Hund’s rule) while obeying the exclusion principle. In the
case of Fef, the configuration is t26e2. The t, subshell is filled and the six t, electrons
form an 1A, term, whereas the two e electrons result in a 3A, term. Altogether, a 34,
term is found as the ground state for Fe®. In the case of Fe*, one of the t, states is unoc-
cupied and the five t, electrons give rise to a °T, term and, hence, the ground state is
4T; (Hund’s rule). This model has lproven to give a satisfactory interpretation for the
obeserved EPR spectra of interstitial TM impurities in silicon.

Recent calculations [2,4] show that the success of this model is more or less acci-
dental in the case of the t, state. The dt, state is hybridized with p-like t, valence-band
states and, hence, the t, gap level has Both d an p character and the latter increases
with decreasing atomic number of the impurity. This leads to a delocalization of the t,
gaﬁ state. On the other hand, the e state is localized and d like. The L-W model may
still be used but the hybridization leads tq e.g. a quenching of the orbital g value.

Including spin-orbit interaction, the >A, term results in a three-fold degenerate T,
level as the ground state for Fe whereas the 4T;term of Fe;* is split into three levels: r2
(J=1/2), I'g (J=3/2), and I + I'g (J=5/2). Here the I'{'s are irreducible representations o
the tetrahedral double group and the ] values are given for comparigion with an ato-
mic P level spin-orbit coupled to a spin S=3/2. The g values of T,( 3A,) and s (4T;)
have been experimentally determined
by EPR whereas theoretical estimates

exist for all levels of 4T, [2,4].
1 . /

Zeeman effect for shallow donors 3P, 3p,

In silicon, due to the anisotropy of 2Py P,
the effective mass of the conduction
band minima, only parity and the pro-

jection of angular momentum along the
principal axis of the ellipsoidal con-
stant-energy surface remain good quan- , 9
tum numbers for the eigenfunctions of “Po Po
the effective-mass Hamiltonian. Thus B B

the hydrogenic degeneracy of e.g. the

np, (m = 0} and the np, (m = 1) states  Fig. 1. Schematic linear (left) and quadratic (right)
is lifted. In the following analysis we Zcemansplitting pattern of shallow donor states
will focus on these p-like states as the ina magnetic field B. For clarity splittings due to
valley-orbit interaction is expected tobe  spinareomitted.
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negligible for these states, in con-
trast to s-like states, and thus their
characteristic energy spacing, well
redicted by effective-mass theory
{)EMT), is important for the identifi-
cation of Rydberg series of a donor.
In a homogeneous magnetic
field, the p, states of a given valle

0,3
will suffera linear splitting which | T €42 (-3
is proportional to the projection of _'_z<

the field direction along the princi-
pal axis of the ellipsoid [5). This
splitting, inversely proportional to
e transverse effective mass, is
large and thus easily distinguished
from the expected splitting of the
Fe core states.
At higher maénetic fields,
terms quadratic in B become in-
creasingly important and lead, in

Initial state Final state

R (*1)<

o + -
Fel +hv—>Fei+e

lowest order, to quadratic shifts of

all states. Pajot et al. [6,7] have  Fig.2.Schematic Zeeman splitting pattern for the Fe
studied the quadratic Zeeman ef-  corein its initial and final states and for the excited
fect for phosphorus in silicon and  electron in shallow donor states. For clarity, spin split-
find a satisfactory agreement be-  tings for these donor states have been omitted, also
tween experiment and theory, notshownisthe]=5/2level ofthe Ty term.

when evaluating the effect of the

magnetic field by perturbation theory. Higher order terms are small and only become
important when' they couple states shifted into near-resonance, where they lead to a
characteristic avoided-crossing behavior. The linear and quadratic behavior of np
states is shown schematically in Fig. 1, where the additional splittings due to spin are
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Fig. 3. Transmission spectrum of Si:Fe for zero
magnetic ficld taken from Ref. 3. (a) and (b) de-
note the two main Rydberg series, while the as-
sighment of the third series (dashed lines) is less
certain,

excluded for clarity. (For the shallow
donor sgectra reported for phos-
phorus these spin splittings cancel.)

Zeeman effect for Fe donor

Superimposed on the Zeeman
splitting of the shallow donor states
of the excited electron, which also
must include the splitting due to its
spin, we expect to observe the Zee-
man effect for the Fe core in both ini-
tizl and final states (Fe? + hv — Fe;*
+ €) as shown schematically in Fig.
2. Different core levels may Kzad toa
superposition of Rydberg series. As-
suming the behavior of the shallow
denor electron known, one can thus
from the observed Zeeman pattern
deduce information on the Zeeman
splitting of those levels of the Fe;
core, which are involved in the tran-
sition responsible for a given line.

EXPERIMENTAL RESULTS

In Fig. 3 the transmission spec-



trum at zero magnetic field is pre-
sented as well as the previous as-
signment of the lines [3]. From the
line spacings, we can identify two
main Rydberg series superimposed,
which are very similar also in their
relative intensities. The 2p, line of
the higher series (b) and the 2p, line
of the lower (a) series coincide and
are not resolved. The third series is
less certain and also the present Zee-
man results, although rather ambig-
uous for these lines, raise further
doubts.

Fig. 4 shows the transmission
spectra for increasing magnetic
fields. The 2p, lines are seen to split
strongly as do the corresponding
lines of shallow donors, whereas the
smaller splittings, e.g. of the 2p?
state, must be attributed to the fe
core. As the measurements were
done at very low temperature
(T=1.8K) and extend to rather high
magnetic fields, in general only the
lowest split component of the initial
core state will be populated. We
thus do not expect to observe the in-
itial state splitting, only its shift. For
the lowest fields and their corres-
pondingly small splittings we
do, however, observe weak
thermalization effects, i.e. weak-
er lines lying towards lower en-
ergies and rapidly decreasing in
intensity. Hence, the multiplici-
%of the Rydberg series and the

eman shifts and splittings ob-
serveu - apart from those of the
shallow donor states and the
shift of the inital state compo-
nent which is common to all
lines - should reflect the elec-
tronic structure of the final state
of the core.

To analyze the data we as-
sume the first Rydberg series to
be due to transitions to the
j=1/2 level of the final state
core, i.e. the ground state of Fe;*
observed in EPR. The g values
for the initial state core ( 3A, )
and all levels of the final state
core (“T,) have been calculated
by Katayama-Yoshida and Zun-
ger [2,4] and agree in those cas-
es they have been observed,

PhotonErnergy (am
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Fig. 4. Transmission spectra of Si:Fe for increasing

magnetic fields.
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Fig. 5. Zeeman splitting of the 2poa line for magnetic

field (2) B 11{100] and (b) B 1[110]. The lines show
the behavior expected from the model explained in the
text.

@Ay and J=1/2(*Ty), well with
experiment. We first consider
the 2p 2 line. The shallow 2p,
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state only splits due 6330
to the electronic
spin, its quadratic
eman shitt is neg-
ligible. The two spin
states and the two J
= 1/2 states lead to
four possible transi-
tions with different
energies. Given that
the initial state is a
single shifted com-
onent of (A,
owever, only three
have non-vanishin
mafrix elements an
?f these the cegtral
ine is expected to , . . X " :
be the strgngest by 6300 0 2 4 6
about a factor of
four. Fig. 5 shows B(D
the line positions a5 Fjg_ 6. Zeeman splitting of the 2p, and 3p,,? lines for magnetic field
a function of mag- Sil {110]. The solid lines show the splitting expected for transitions in-
netic field in two di- volving the 3p, and the split 2p,. donor states assuming a J=1/2 final-state
rections ([100] and  core as'explained in the text. The only adjustable parameter, the 2p,; -
(110]) together with 3p,? coupling, was obtained by fitting to the data. -
the parametrization
of our model based
on the core g factors. The 2p 2 line splitting is found to be closely isotropic and well
accounted for, and also the relative intensities follow the expected trends.

To account for the splitting of the 2p,® line shown in Fig. 6 we have to include the
?uadratic shift of the shallow 2p,. state which we assume to be equal to that obtained

or phosphorus in silicon by Pajot et al. {7]. Furthermore, the interaction with the 3p,
state is sxmgl modeled by an effective coupling constant obtained by fitting to the da-
ta. The 2p P line is expected to lie very close to the 2p,2 line and its splitting pattern
will we superimposed on that of the central 2p,? lines. For these lines the data are not
as clearly resolved and their detailed interprefation remains ambiguous. Thus, Fig. 6
only shows the predicted behavior of those lines, which result from the split 2p, don-
or states, and their interaction with the 3p, lines. Not all lines are resolved in experi-
ment but the lines expected to be strong are clearly identified. The fact that the quad-
ratic behavior, including the 2p, - 3p,, interaction, agrees well with that of phosphorus
confirms that we observe a donor in 1ts neutral charge state. For a donor in its positive
char%e state with its less extended excited states, the quadratic shifts become much
smaller, as is indeed observed for Si:Mg* [8]. Furthermore, all three lines, 2p 2, 2p,2,
and 3p.?, agree in their energy spacing with neutral donor states and the fact that
their Zeeman behavior can be understood by taking into account the g factors of the
assumed core states, stron !‘y favors our interpretation that the transitions lead from a
3A, componenttoaJ=1/ 2% TE) core state.

Also for the 2;)1. and 3p,”° lines the energy spacing was the basis for their assign-
ment, and in Fig. 7 we again observe the same quadratic shifts as for the correspond-
ing (a) lines and also the characteristic interaction between the 2p P and 3p Plines. Al-
though the %p, line is not observed distinctly, there thus seems to be little doubt as to
the identification of the second series (b). If we take the same initial state as for the (a)
series discussed above and assume the final state of the core to have J = 3/2, an analy-
sis of matrix elements predicts each shallow-donor line to split into five lines, of which
two are expected to be stronger than the others. As seen in Fig. 7, this model seems to
be able to account for the observed lines, but lack of resolution makes a definite as-
signment impossible. An immediate question raised by this interpretation is, of
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course, why the fi- 6375
nal-state core level
with J=5/2 is not
seen. While the as-
signment of the (b)
Rydberg series thus
is quite certain, the
detailed interpreta-
tion of the core
states involved in
the transitions must
remain tentative.

B
&

Photon Energy (cm ™D
a
wn

DISCUSSION

The  present
study gives strong 6345 . ) AT \ :
evidence for two 0 2 4 6
Rydberg series, (a)
and (b), associated B(D)
with the neutral
charge state of the  Fig.7. Zeeman splitting of the 2p+band3pc,b lines for magnetic field
Fe; donor. Both en- B ﬁl [110]. The solid(dashed) lines show the splitting expected for strong-
ergy spacings and  er(weaker) transitions involving 3p, and the gplit 2p,. donor states as-
Zeeman patterns of  suming a J=3/2 final-state core as explained in the text. For 3pobonly the
well-resolved lines  stronger lines are indicated (solid) and no 2p+b-3po interaction is in-
agree in detail with  cluded. -
the shallow donor
pl};osphcérus. No characteristic 2p,, splitting associated with a third series, however, is
observed.

The overall Zeeman behavior supports the assumption that the inital state of the
transitions involves one component of the 3A, term which is shifted towards lower
energy by the magnetic field and the data are consistent with the g value obtained in
EPR. Assuming further a J=1/2( 4T,) final-state core, its experimental g value can ac-
count for the 2p 2, 2p,?, and 3p? lines (oniy disregarding their weak interaction), the
most prominent features of the (a) series. For the (b) series a J=3/2 final-state core
seems possible but no definite statement can be made at present.
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ABSTRACT

Photoluminescence measurements have been made on plastically formed silicon, free
from metal contamination, with dislocation densities in the range 104-108 cm2. Only after
deliberate contamination with Cu, Fe or Ni were the dislocation related D-bands the dominant
spectral features observed. TEM analysis has revealed that there are no differences in the
dislocation structures before and after contamination and that there is no evideace for
precipitation on the dislocations cr in their strain fields. The D-band features may, therefore,
be due to impurities (metal atoms or point defect complexes) trapped in the strain fields of the
dislocations.

INTRODUCTION

A considerable effort has been devoted to the study of the D-band luminescence
features which are associated with the presence of dislocations in silicon. This work has been
directed mainly towards relating particular luminescence features with particular dislocation
types and understanding the nature of the electronic transitions involved(!l. A similar but more
limited investigation has been made of dislocation related luminescence in germaniumf2l and
very recently in Si/Ge alloys.[3!

D-band features are observed in silicon containing dislocations, either as grown in,
or generated by plastic deformation produced by uniaxial stress or bending. Four principal
bands are observed: D1 at 812meV, D2 at 875meV, D3 at 934meV and D4 at 1.0eV 14,
Detailed luminescence studies!!] have shown that the bands D1 and D2 exhibit similar
behaviour and also D3 and D4 . It has been suggested that D1 and D2 may be either associated
with point defects in the strain fields of the dislocation or related to kinks on the dislocations!Sl
whereas D3 and D4 have been ascribcd to electronic transitions within the dislocation core
structure.

Dislocation luminescence .as been observed in silicon grown by MBE and has been
investigated in some detail by Robbins et al[6}- In a more recent investigation of epitaxial layers
grown by MBEU], where the dislocation densities were found to be in the range 103-10° as
determined by defect etching, we were puzzled by the absence of any of the D-band
luminescence features in the as-grown material. In the course of this work it became clear that
the D-band luminescence could be produced by deliberate contamination with transition metals,
in particular Cu, Fe and Ni. Although the nature of the transition metal did not have a
significant effect on the shapes and energies of the D-bands, it was suggested that the
luminescence might be associated with transition metal decorated as distinct from undecorated
dislocations.

In tum this suggested that published results on D-band luminescence from plastically
deformed silicon (and possibly germanium) might also be strongly influenced by the presence
of transition metals and that this might explain some of the lack of reproducibility apparent in
this work. In order to explore this, a stress cell has been constructed in which a sample can be
subjected to uniaxial stress up to 15MPa at temperatures up to 800°C with all the heated parts
made from quartz. Plastically deformed material produced with this equipment has been
investigated by photoluminescence, preferential etching and TEM.

EXPERIMENTAL
Several ingots of high purity FZ silicon were first examined for the presence of

transition metals. This was achieved by heating thin slices in the temperature range 6(X)-9(XyC
and then rapidly quenching to room temperature. This type of treatment is known to give risc
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to specific luminescence features associated with Cu, Ni and Fe complexest®} if these
impurities are present or introduced by surface contamination. For co%)er this method!9) has
been shown to be sensitive to surface concentrations as low as 100 ¢m-2. One ingot in
particular of high purity FZ material showed no trace of transition metal contamination and a
number of (111) slices were cut from this material and 2 x 4 x 10 mm3 samples produced with
a <312> stress axis{10, Before the deformation process both the sample and the quartz stress
cell were subjected to an RCA clean.

Following deformation, the samples were preferentially etched to determine the
he.nugeneity and density of the dislocations. Three or four sections were cut from each sample
and these were etched in HNO,/10% HF in preparation for photoluminescence measurcments,
These were carried out with the samples immersed in liquid helium at 4.2K and excited by
514.5nm radiation from an Ar laser. The luminescence was analysed by a Nicolet 60 SX
Fourier transform spectrometer fitted with a cooled Ge diode detector. Following PL analysis

some of the same samples were hand lapped from the vack to a thickness of 100um and then
chemically etched to form a disc shaped hole that is electron transparent. These were examined
with TEM with an accelerating voltage of 120keV in bright field and dark field and weak beam
diffracting conditions.

RESULTS

In spite of considerable care with RCA cleaning of both the stress samples and the
quartz stress equipment, many of the plastically deformed samples did show D-band
luminescence of varying intensity without further treatment. We did however manage to
produce several samples which had a dislocation etch pit density between 104-108cm2 which
showed negligible D-band luminescence. The spectra obtained from a sample before and after
stressing at 15MPa at 750°C, which produced an etch pit density of 107cm2, are shown in
figures 1 and 2. There is some very weak D-band luminescence and there is some evidence for
contamination by lithium (source unknown) but the major effect is a severe broadening of the
free and bound exciton luminescence features indicating the presence of considerable strain.

This sample was deliberately contaminated with copper by stroking the surface with a
pure copper wire and heating for 30 minutes at 900°C. Figure 3 shows that the D-bands are
now the dominant luminescence features present. An adjacent section of this sample was
heated at 900°C following an RCA clean and this produced only a minor increased in the
strength of the D-bands. A similar set of measurcments were carried out on a similar sample in
which the contaminating metals were iron and nickel instead of copper. The spectral features
were virtually identical with those produced by copper contamination and the energies of the
features were unchanged with the limit that they can be determined.

Copper contaminated and uncontaminated samples have been examined by TEM.
The majority of dislocations observed are 60 degree dislocations aligned along the <110>
direction in the major glide planel'9), In both cases all the dislocations are dissociated into two
Schockley partials connected by a stacking fault ribbon. The dissociation widths of the
stacking fault ribbon vary from 100-500A. A typical dissociated dislocation is shown in figure
4. On comparison of the contaminated and uncontaminated samples there appear to be no
structural changes in the dislocations and no differences in the average widths of the stacking
faults. Also there is no evidence for precipitatior .« the partials or the stacking fauit ribbon in
the contaminatea sample. TEM analysis of Fe. and Ni contaminated samples is currently in
progress and the initial results are the same.

The TEM measurements have shown that therc is no evidence for precipitation in
the metal contaminated samples. However it is well known that the stress fields around a
dislocation can be relieved by a suitable arrangement of nearby solute atoms (Cottrel
atmosphere). The metal atoms introduced by contamination may be playing a direct role in the
formation of such an atmosphere or a secondary role by interacting with point defects clusters
which are known to form in such samples. This type of interaction may be responsible fer the
observation of the D-band features.

Controlled introduction of metal contamination

Itis not clear from the wire stroking method .ow much meatal is being introduced on
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Figure 4. A TEM picture of a typical Figure 5. An SEM micrograph of a
dissociated dislocation. prefentially etched sample plastically
deformed at 800°C.

the silicon surface before annealing. A more controllable way of introducing metal
contamination on silicon surfaces is the use of back plating from high purity HF solutions
which has been investigated in detail by Kern{11]. We have applied this technique to the
contamination of plastically deformed samples to provide some indication of the metal
concentrations necessary to produce the D-band luminescence.

Several samples plastically deformed at 700 or 750°C, with dislocation densities in
the range 106-107cm-2, were first RCA cleaned and then soaked in high purity HF (49%) for

30 minutes. This was followed by a rinse in 18 MQ deionised water and heating for 30
minutes at 900°C in an RCA cleaned quartz tube. The copper concentration in the HF
cmployed was found to be 3.8 ppb by atomic absorption measurements, and other
electropositive metals which would be expected to plate out. such as gold and silver, were
below the detection limits. Using the data produced by Kem{!1), this concentration of copper
should have produced a surface concentration on the samples ~ 4 x 1012cm-2. The increase in
the D-band luminescence produced by this treatment was similar to that obtained by a single
wire stroke as illustrated in figure 3. It is clear that a surface copper concentration of only
~0.003 of a monolayer is sufficient to induce strong D-baud luminescence.

<ffe 1 m

In order to check the dependence of the D-band features on the concentration of
dislocations, a set of samples was produced at a constant uniaxial stress of 15 MPa with
deformation temperatures in the range 600°C to 8060°C. This gave rise to dislocation densities
between 104 and 108 cm2. An SEM micrograph of a preferentially etched sample deformed at
800°C is shown in figure 5. Without further treatment all the samples showed very weak
D-band features, the strength of the luminescence tending to increase with the dislocation
density. Annealing without deliberate contamination produced a small increase in the D-band
luminescence in some of the samples. The back plating technique was then used to introduce
copper into the samples which in all cases produced up to an order of magnitude increase in the
D-band luminescence relative to the free and bound exciton features,

The positions of the D-bands did not change with the concentration of dislocations
present but there was a significant change in their relative intensities. The D1 and D2 bands
were dominant in all the spectra but the peak height ratio D1/D2 decreased from ~4.2 at 600°C
to ~2.8 at 8XPC. The D3 and D4 bands increased in their relative intensities as a function of
increasing distocation density and were strongest in the sample deformed at 800°C.

Effect of gngeaiing temperature

During the initial experiments the most efficient temperature for deliberate
contamination was found to be 900°C. At lower temperatures the D-band luminescence was
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generally much weaker. In order to check the effect of annealing temperature a sample
deformed at 700°C, giving rise to a uniformly distributed etch pit density of ~ 3 x 105%cm-2,
was cut into four sections which were back plated in HF and annealed at 600, 700, 800 and
900°C. Spectra obtained from the samples annealed at 600 and 700°C are shown in figures 6
and 7. At 600°C there is a large underlying continuum and the D3 and D4 bands have
intensities comparable with the D1 and D2 bands. The sub-structure particularly in D2 is also
more apparent. Increasing the anneal temperature increased the overall strength of the D-bands
relative to the free and bourd exciton luminescence and the dominance of the D1 and D2 bands.

Other techniques have shown that point defect aggregates are produced during
deformation 12 13l and it has been inferred that the concentration increases with increasing
strain and deformation temperature. In addition, it has also been shown that such centres
anneal out in the temperature range 750-900°C. The changes in the luminescence spectra
observed in the work reported here may be connected with this process,. However the role
played by metal contamination is not all clear. All the metals investigated are fast diffusers in
silicon but exhibit quite different chemical properties (14),

. These preliminary results show that both the deformation temperature and ihe
annealing temperature have significant effects on the photoluminescence spectra. However,
further characterisation (EBIC, TEM and cathodoluminescence imaging) is required before the
results described can be fully understood.
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SUMMARY

We have shown that high purity FZ silicon, which is free of transition metal
contamination, that has been carefully cleaned and is then plastically deformed in a metal free
environment to produce dislocations densities in the range 10%-108¢m-2, does not show
significant D-band luminescence. Strong D-band luminescence features can be created by
deliberate contamination with Cu, Fe and Ni. It has been shown that surface copper levels less
than 0.01 monolayers are sufficient to produce the D-band features. TEM investigations have
revealed that there are no differences in the dislocation structures before and after
contamination. In addition there is no evidence of precipitation on the dislocations or in the
strain fields around the dislocation. The D-band features may be due to impurities (point defect
clusters or point defects or metal atoms) trapped in the strain fields of the dislocations.
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ABSTRACT

Photoluminescence excitation spectra have been obtained at 4.2 K for the characteristic V3* intra-
center emission (0.65 - 0.75 eV) of MOCVD-grown GaAs:V. Oscillatory structure of the PLE spectrum
with above-band-edge excitation has been observed in GaAs:V for the first time. The oscillatory period
is found to be 41.3 & 0.5 meV, corresponding to {1 + (m}/m},;,))hwro, and is due to energy relaxation of
conduction band electrons through LO phonon emission. Our results suggest capture by a shallow donor
as an intermediate step in the luminescence from the V center.

INTRODUCTION

Vanadium is a substitutional impurity in GaAs which is krown to have a characteristic crystal-field
luminescence band in the 0.65 - 0.75 eV energy range [1]. It has been shown that vanadium gives rise to a
deep acceptor level at Ec - 0.15 eV [2,3,4]. Figure 1 shows the substitutional vanadium levels in GaAs [4).

In this study, photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopies have
been used to study the characteristic V3t emissions of MOCVD—grown GaAs:V. One of the results
that emerged from this study is that an oscillatory structure in the PLE spectrum with above-band-edge
excitation has been observed.

EXPERIMENTAL

A barrel-type OMVPE reactor operated at atmospheric pressure was used for all the GaAs growth
runs. Trimethylgallum (TMG) and arsine (AsH3) were employed as the source chemicals with a V/III
ratio of 15. Both H, and He carrier gases were used with qualitatively similar results. The typical growth
rate and temperature were 3.7 pm/h and 675°C, respecuively. The ultra-high-purity VO(OC; Hs)s source
was held at 10°C in a thermostatic bath. The detailed processes of the growth and chemical analysis were
described in a previous report [5]. Some of the samples were additionally doped with Si and/or Be in order
to systematically vary the Fermi levels in the epitaxial layer and change the charge state of the vanadium.

In the PL measurements, samples were immersed in liquid He and excited with an Ar ion laser at A
= 514.5 nm. The luminescence was detected using a cooled PbS detector. The spectra were calibrated for
the spectral response of the system with a blackbody source. In the PLE measurements, the excitation
source was replaced by a combination of a 75 W tungsten lamp and a 0.25 m grating monochromator. The
output intensity of the excitation source was normalized for constant lamp intensity. The 0.65 - 0.75 eV
luminescence band was selected by using a 1.6 ytm long-pass filter or a monochromator.

RESULTS AND DISCUSSTON

All of the n-type and semi-insulating (SI) vanadium-doped GaAs exhibited the same infrared PL
band centered at 0.65 - 0.75 eV, although the ratio of band edge of deep level PL intensity varied. A
typical PL spectrum from these samples is shown in Figure 2 and is similar to previous reports froin bulk
GaAs: V [1).

In the n-type samples, which are Si doped in addition to the vanadium, the V should exist in the V2t
charge state. This is the ionized acceptor state at E, - 0.15 eV and would be expected due to compensation
by the shallow donors. The following mechanism has previously been proposed (3] for excitation of the
V3t intracenter transition via electron-hole production:

Vi by — V¥ peth— V(:::c.'ud) te— V(:;t:m:) + hypry + e — V¥t hypry,.
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In an attempt to study the PL and PLE of V in p-type GaAs, several samples were implanted with
Be in order to dope the epitaxial layer. Multiple implants with varying energies were used to attain a
uniform implantation profile to a depth of ~ 1pm. The characteristic V PL was observed in these samples,
but was very weak. This may be due to the increased presence of V in the V3+ neutral state, in which the
intracenter transition may not be as likely to occur as a result of capture of frec carriers. However, the
high Be concentration as a result of the implantation may also lead to factors such as damage or V-Be
pairing, which could also affect the PL intensities.

The PLE measurements were performed on a series of n-type and SI MOCVD-grown samples. No
structure was found in the PLE spectra with below-band-edge excitation for the epitaxial layers. This is
partly due to the small thickness and relatively low absorption cross section for the intracenter transitions.
In contrast, a strong excitation band centered around 1.1 eV was measured from a SI bulk sample, shown
in Figure 3. This 1.1 eV band is the same as the one observed by conventional absorption measurements
[3}. This PLE observation confirms the assignment of the absorption transition.

With the above-band-edge excitation, oscillatory structure was observed in the PLE spectra, as
shown in Figure 4. This was observed for the epitaxial n-type samples, as well as the bulk materials.
Figure 4 also indicates that the intensity of these oscillatory bands diminished as the concentration of Si
in the sample was increased. The period of this oscillatory structure is determined to be 41.3 £ 0.5 meV,
as indicated in Figure 5. This is in excellent agreement with the theoretical prediction:

AE =14 (m}/mp)lhwro

for the cooling of hot electrons via LO phonon emission. Here m is the electron effective mass, m}, is
the heavy-hole effective mass, and hwy o is the longitudinal-optical {LO)-phonon energy at T' point (36.74
meV). These oscillatory structures are well-known in photoconductivity (PC) spectra [6,7], and have been
observed in PLE spectra [8,9) on (e — A°) and (D° — A°) luminescences due to shallow acceptors, and
EL2-related emission in GaAs{10,11]. The enhancement factor of [1+(m}/mj,, )] is a result of the curvature
of the conduction and valence bands.

2

0

7

PLE INTENSITY
+ N & 3

4.2 K

reryrrrriyyryjrrrrryruor

1.35 1.55 1.75
PHOTON ENERGY (eV)

Fig. 4 PLE spectra. Sample 52: n-type, [V] ~ 2 x 103, [Si] ~ 5 x 10'®. Sample 30: n-type, V]
~ 4 x 10, [Si] ~ 10°. Sample 33: n-type, [V] ~ 3 x 103, [Si] ~ 10t€. Sample 47: SI, [V] ~ 2 x 1016, [Si]
~ 2 x 10** [All concentrations in cm™3].
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Fig. 5 Oscillatory structure of PLE spectrum obtained from sample 30-1.

Several mechanisms could be proposed to explain the osciliatory structure. The variation of the
V PL intensity as a function of incident wavelength indicaies some energy~dependent electron capture
rechanism in the luminescence process. Three possibilities would include 1) energy-dependent capture
of the electron directly into the V3%, 2) competition for electrons from some other energy-dcpendent
mechanisms, such as donor-acceptor pair recombination, and 3) capture into a shallow donor state as an
intermediate step in the capture of the electron to V3%,

Since decp centers are not expected to show such strong dependence on the energy of the electron,
capture into shallow donors must play some role in the cscillation. Ulrich {8] has shown that the capture of
hot electrons by jonized donors via LO phonon emission is observed in GaAs. The threshold for relaxation
is given by

ap = By + (nhwro — Ep)(1 + m¢/mj,)

Applying this to our data, with E, = 1.519 eV and Ep = 5.7 meV, we see that the energics described
by an correspond to thresholds for the increase of PL intensity. Thus, we propese that capture by a shallow
donor plays an intermediate role in the vanadium PL. This is in agreement with results from Shanabrook
(10] and Yu [11), who also reported oscillaticn in the PLE of deep levels.

CONCLUSIONS
In summary, we observe, for the first time, oscillations in the PLE of GaAs: V. Our results are in
excellent agreement with energy-dependent capture of hot electrons via LO phonon emission and indicate

capture by a shallow donor as an intermediate step in the V PL. We intend to perform PLE measurements
on the band edge luminescence transitions in these samples to obtain direct confirmation of the mechanism,
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ABSTRACT

Photoluminescence (PL) of Molecular Beam Epitaxy grown Er doped G:g. Al 45As
has been studied under continuous and pulsed laser excitation . The observ g lines are
attributed to transitions from the first excited state4113/2 to the ground state 41 572 - The life
time of the Y13/ level is found to be 1 ms at 10K, which is comparable to the decay time
observed in insulators.

Using two-beam experiments we show that there are losses (Auger effect) that occur
during the PL excitation.We propose the following model for the Er PL excitation process:
excitons bound to Er are created and decay non radiatively by energy transfer to the rare earth
(which is the cause of the Er related PL) or to free carriers by Auger effect (which is the cause
of the observed losses).

INTRODUCTION

Incorporating rare earth (RE) in III-V compounds is very interesting because of their
internal transitions which give rise to narrow emission lines in the near infrared region that are
practically independent of the III-V host. In particular, erbium doping [1- 7] seems very
atiractive due to the possibility of realising new emitting devices at 1.54 pm which corresponds
to a minimum of absorption of silica based optical fibers. However, there is a poor knowledge
of the excitation-deexcitation processes of these luminescent centers. The aim of this work is to
investigate these processes with PL and two-beam experiments. We propose a simple PL
excitation model which accounts for the observed experimental results and show that Auger
losses [8] are predominant.

MATERIAL AND TECHNIQUES

Our study, was made on one sample of Gag 55Al) 45As doped with an Er concentration
of 3x1017cm"3. It was grown by Molecular Beam %pltaxy at the Laboratoire Central de
Recherche THHOMSON CSF. Details concerning the growth technique used here are reported
elsewhere [5] .

For the PL study the excitation was provided, in the CW excitation experiments, by the
5145A line of an Argon ion laser or the 6328A line of an He-Ne laser. The luminescence was
then analysed through a 0.6m JOBIN YVON HRS2 monochromator and detected with Ge
photodetector cooled to 77K coupled to a lock-in amplifier.

Pulsed excitation experiments were also performed. For that we used a YAG : Nd pumped
dye laser from QUANTEL which delivered excitation pulses of 15ns duration at 6200A . The
PL signal was selected through an adapted broad band interferential filter (A=:.545 +0.024
um) and detected with a fast response Ge photodetector cooled to 77K. The signal was then
analysed with a digital oscilloscope.

EXPERIMENTAL DATA

Figure 1(a) shows the PL spectrum recorded at 10K under CW Argon ion laser.It consists
of two sets of characteristic narrow lines located around 1.54 and 1.56pum. They are attributed
to 4113{12->4Ik5/2 optical transitions within Er3* ions in two kinds of sites. The PL decay
obtained at 10K under pulsed excitation is shown in figure 1(b). It is made of two exponential
components with time constants of 260jts and 1.17ms. Because of the large spectral width of

Mat. Res. Soc. Symp. Proc. Vol. 163. ©1990 Materia!ls Research Soclety
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the in3terferemial filter used to select the fluorescence , we attribute each component to one kind
of Erot site.
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FIGURE 1
a) Photoluminescence spectrum of Gag 55410 45As:Er at 10K under Argon lnser
excitation
b) Er PL decay at 10K under pulsed laser excitation at 5200 A

The PL intensity presents a square root dependence on the excitation pump power ( Figure
2). Assuming that this behavior can be accounted for by the optical losses induced by the
creation of electron-hole pairs, we decided to check it with the aid of two-beam experiments.

A first beam, called pump beam, populates the erbium excited state 4113/2 which is
monitored by its characteristic PL at 1.54 um, A second beam, the probe beam, is used to
create the eléctron-hole pairs. A decrease in the 41 /2 PL intensity would thus be a measure of
the probe beam induced optical losses on the pump geam
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FIGURE 2
Photoluminescence intensity versus square root of the excitation power

Experiments with a CW pump laser were performed at 300K. The pump and the probe
beams were provided by a 10mW He-Ne laser and a 200mW Argon ion laser respectively. Ta
order to avoid any direct pumping effect caused by the probe beam, we chopped the pump
beam and the PL was detected with a lock-in amplifier.

When the probe beam and the pump beam spots overlap, the PL signal decreases with the
;fmwer off ghe probe beam. This is shown in Figure 3. For 200mW the PL decreases by about a

actor of 3.

Transient experiments were also performed using the pulsed laser (pulses of less than
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1mJ over 0.4 cm?2) described as the pump beam. The probe beam was provided by the same
Argon ion laser used for the CW experiment. The sample was cooled down to 14K. Recording
the PL decay we see that the probe beam induces a decrease of the PL signal, the profile shape
remaining the same (i.e. with the same time constants).
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FIGURE 3

Photoluminescence intensity of Er as a function of the power of CW laser pump beam

In the case of the CW pump laser experiments we can say that for Er3* doped GaAlAs the
optical losses are due to the probe beam photogenerated carriers. This effect seems to be very
important (decrease by about a factor 3 at the maximum probe beam power). So it could be the
origin of the PL intensity sublinear dependence mentioned at the beginning. These losses could
occur during the PL excitation or deexcitation processes and are likely related to some kind of
Auger process.

In the pulsed laser pump experiments we do not see any effect on the PL decay mode ;
therefore, we can conclude that the losses do not occur during the PL deexcitation but only
during the excitation process.

DISCUSSION

Some recent results [6-7] show that rare earth impurities such as Yb3+ and Er3+ can act
as traps for electrons in the III-V compounds. We 6an therefore think that erbium centers could
bind excitons (directly or by successive capture: of carriers). We have seen that losses occur
during the excitation process and are related to the free carrier concentration. This leads us to
think that there are two paths for the non radiative recombination of the bound excitons : (i)
Auger recombination (energy transfer to free carriers), (ii) Energy transfer to erbium ions, the
losses come here from the Auger process [8] (c.f., Figure 4).

The population equation according to these hypotheses can be written.The probability for
one bound exciton to transfer its energy to an erbium ion is given by :

P
P==——%_ )
Pet+Bn
where Py is the erbium excitation rate, Bn is the Auger recombination rate, n is the clectron
concentraizon and B a transfer constant, We can write ;
d nex
RLLLEYY _Pe__Dex 2

dt Pe+Bn 1

where