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ABSTRACT

We have studicd opto-electronic properties of semi-insulating
gallium arsenide, including oxygen doped, chromium doped, undoped,
and ion-bombarded materials. We have found that the luminescence from
chromium-doped samples has much fine structure which had not been
previously seen; this led to a better understanding of chromium
complexing and of local lattice vibration and Fano anti-resonance at
a substitutional Cr site, We have identified two other luminescence
bands as related to oxygen and native defects respectively. Photo-
conductivity and photo-Hall studies have elucidated some of the optical
transitions and showed evidence that much of the spectral shape is due
to quenching effects. DLTS and thermally-stimulated current measurements
were uscd to study oxygen doped and "undoped" semi-insulating Ga As,
revealing a variety of deep and medium-deep levels. A combination of
theory with experiment has proved valuable to the understanding of the
photoionization cross sections, Fano anti-resonance, and local mode

coupling of the deep impurity states.
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I. Introduction

We have studied experimentally and theoretically, the effects of chromium
and oxygen impurities and ion implantation on the optoelectronic properties !
of Gallium Arsenide.

Techniques which were used included photoconductivity, photo-Hall effect,
optical absorption, cathodoluminescence, electroabsorption, electroreflection,
and transient capacitance.

Most of the results are summarized briefly in the following section, and
in more detail in the attached reprints of published works. Additional work
on capacitance transients, photo-transport measurements, and ion implantation

was begun on this contract and is still in progress. Reports on this research

will be submitted when it is completed.

.
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Summary of Results
1. TON IMPLANTATION IN GaAs

The apparent forbidden energy gap of GaAs as seen in electroabsorption
was found to be somewhat reduced in the presence of impurities in the deple-
tion region of a p-n junction (Penchina 1964), This property led us to use
electroabsorption, electroreflectance, and optical transmission to studyv the
effects of proton bombardment (hydrogen ion implantation) on the spectrum of
Gallium Arsenide. The major effect was a broadening of intrinsic structure in
the modulation spectra. No evidence was observed of specific sharp deep levels
introduced by either the proton damage or the implanted hydrogen impurities([Oren,
Quinton, and Penchina 1977]. The results were interpreted as due mainly to a
gradual amorphization in islands with fairly well defined boundaries. These
results are described more fully in an article by Oren, Quinton, and Penchina
(Oren 1978).

A preliminary study of Cr implantation has shown that the 0.84 eV luminescence
system is seen there also (Ushakov 1978). However, that study, although it
claimed fairly good resolution in both the ion implanted and bulk GaAs:Cr, missed
all the fine structure splitting which we have seen. The study did however note
important problems which were interpreted as due to out-diffusion of Cr from
the substrate into the implanted surface layer. This diffusion, if it is as
interpreted, could have important implications for performance and degradation
of GaAs epitaxial devices. We have implanted Cr and O into GaAs in order to
study these impurities in a more controlled manner.

2. PHOTOCONDUCTIVITY, PHOTO-HALL EFFECT, AND LOW RESOLUTION OPTICAL
ABSORPTION IN GaAs DOPED WITH OXYGEN AND/OR CHROMIUM.

The photoionization cross section of an oxygen related deep level in

GaAs was determined from the measured spectrum of the photon flux needed to
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b maintain constant photocurrent. The results were interpreted as due to an

axially symmetric center, This work is described in an article by Tyler,

Jaros, and Penchina (Tyler 1977). A similar study was carried out on a

Chromium doped sample, free of oxygen (NR #4~77L, kindly donated by Dr, E.M.
Swiggard of the Naval Research Laboratory). This sample showed a broad optical
absorption spectrum (Fig. 3), a remarkably similar Photo-Hall Mobility Spectrum
(Fig 2) (qualitatively similar spectrum, but quantitatively an order of magnitude
= higher mobility), and a somewhat sharper room temperature photoionization cross
section, which further sharpened considerably at lower temperatures (Fig 1).
These results indicate that the sharp photoconductivity peak may be produced by
hole excitation causing quenching of electron excitation rather than by a sharp
resonance of a Cr2+ excited state as suggested earlier [Ippolitova 1975, Stocker
and Schmidt 1976]. These new results have not yet been published, but were
discussed in a paper [Penchina 1979] at the 2nd "Lund" International Conference
ont Deep Level Impurities in Semiconductors, St., Maxime, France, May 1979.

3. LUMINESCENCE AND HIGH RESOLUTION OPTICAL ABSORPTION IN GaAs DOPED
WITH OXYGEN AND/OR CHROMIUM

Although Cr in GaAs had been the subject of several studies of optical

and electrical properties for some time (see e.g. Allen 1968, Bois 1974, Lin

1976, Ippolitova 1975) it was not until 1976 that a zero-phonon line at about
0.84 eV (Stocker 1976) and one at about 0,56 eV (Koschell1976) with associated 1
lattice—-phonon sidebands were first reported in the photoluminescence of GaAs:Cr.
These zero-phonon lines were given several tentative explanations, such as band-

to-~level, resonance-to-level, or internal transition; various charge states of

Cr were assumed. By 1978 these interpretations had more-or-less settled down to:

internal transitions 5E to ST2 of Cr2+ at 0.84 eV, and internal transitions of

Cr3+ at 0.56 eV,
-
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Our experiments on cathodo-luminescence (Lightowlers and Penchina 1978,
Penchina and Lightowlers 1978) quickly revealed a rich fine-structure of the
zero-phonon lines which was not observed by previous investigators, and showed
that the 0.56 eV system was present in LPE samples of Stocker and Schmidt
(1976) where they had not been seen before and previously assumed absent.

Further refinements of luminescence experiments, and high resolution optical
absorption measurements (Lightowlers, Henry, and Penchina 1978, 1979, Penchina
ct.al, 1979) both as functions of temperature, have led to a number of new
findings which we plan to explore further,
a. Cr 0,84 eV The 0.84 eV zero-phonon"line" consists in reality of at least
13 very sharp (width less than kT at 4.2K) closely spaced lines,
Thermalization of the intensities of these lines led to a
tentative energy level scheme for internal transitions (Lightowlers
and Penchina 1978); it does not seem to be fully compatible with
the ground state splitting of Cr2+ reported from ESR (Krebs 1977A,B),and
may be due to Cr complexed with a nearest neighbor donor (White 1979).
The absorption band observed by Bois and Pinard (1974) is
a background absorption added to the 0.84 eV system, rather than
the phonon sidebands of the 0.84 eV zero-phonon absorption lines,
further indicating the possibility of something other than Cr2+
involved in the luminescence transitions.

The wavelengths of many of the zero-phonon lines which we
observed in cathodoluminescence and optical absorption were
confirmed on different samples, using photoluminescence (Koschel
1978), further showing that the fine structure is not a property
of a few particular samples or of artifacts of the experiment

(their resolution was insufficient to confirm all our 13 lines).
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6.

A prelimipary study of the spectral shape of the phonon sidebands

‘ in cathodoluminescence indicated a Franck-Condon shift (due to
lattice relaxation) of about 0.06 eV, independent of temperature,
The positions of zero phonon lines shifted by less than 0.1 nm
over the full temperature range wherce they were observable,

b. Cr 0,56 eV The 0.56 eV zero-phonon luminescence "1line" was found to be
three fairly closely spaced broad (broader than kT at liquid He
temperature) zero-phonon lines. Thermalization measurements led to
a tentative energy level diagram [Lightowlers & Penchina 1978,
Lightowlers Henry & Penchina 19791,

The broadness of the zero-phonon luminescence lines, and an
interference dip preceding them, combined with some recent optical

measurements, leads to the conclusion [Penchina et.al.1979,1980] that

there is a Fano Anti-Resonance with transitions involving a level

degenerate with a band.

An additional phonon replica, due to a local-mode phonon of

40.7 meV was found {Lightowlers, Henry and Penchina 1978} to
accompany these zero-phonon lines, but not those around 0.84 eV,
leading to the conclusion that the 0.56 eV transitions involve
different charge states and thus different local phonon coupling
than the 0.84 eV transitions.

We have observed these three 0.56 eV zero-phonon lines in all

our samples which show both the 0.84 eV lines, and a luminescence

background due to oxygen sufficiently weak to prevent hiding of

the signal in the noise. Neither the fine structure of the zero-
phonon lines nor the local-mode phonon replica has been reported

by other experimenters to date.
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c., Oxygen We have observed a broad luminescence emission band [Liﬁhtowlers,
Henry, and Penchina 1978] which peaks at about 2 pm in almost all
samples, scales with the oxygen concentration., When this band {s present,
even weakly, it makes the 0.56 eV Cr spectrum difficult to observe. When
it is stronger, it buries the 0.56 eV Cr spectrum in the noise, and distorts
the shape of the 0,84 eV Cr spectrum. We have found two samples which
contain oxygen which do not show this band: one shows other bands, and one
shows no bands obviously characteristic of oxygen. These two exceptions
indicate that oxygen may enter GaAs in different configurations, charge
states, or complexes, but that in the majority of samples it does take
one preferred state which leads to a well characterized luminescence
band.

d. Native We have observed a weak band peaked around 1.6 um in nearlv all

Defect

samples studied,independent of oxygen or chromium concentration. We
observed this same band in an undoped sample of semi-insulating GaAs from
NRL similar to one in which a similar band was previously reported
[Swiggard 1977]. We attribute this band to a native defect present in

all samples, and must take it into account carefully since it contributes

to the background of the Cr 0.84 eV luminescence system and the broad
oxygen luminescence band.
4, UNDOPED SEMI-INSULATING GaAs
We studied thermally stimulated current (TSC) from several samples of GaAs
with Oxygen and Chromium. In order to better understand these dats we needed a

control sample. TFor this, we chose semi-insulating undoped GaAs grown by LEC (liquid

encapsulated Czochralski) method at NRL (kindly donated by Dr. Swiggard) which had very
little deep level luminescence (see 3d above), However, it was found that this undoped
GaAs has in fact a large number of medium-deep levels which are easily observed in

TSC and prevent it from being a good control.
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These results indicate that the undoped GaAs, although semi-insulating, is
not cxtremely pure. Since the impurity content is not controlled, but {nadvertent,
and since these types of materials are becoming popular for use as substrates
for semiconductor devices, it would be advisable to conduct additional resecarch
to determine the nature and behavior of these impurities.
5. THEORY

We have carried out several theoretical studies concerning the properties of

deep defects in semiconductors, with particular emphasis on problems associated with high
resistivity GaAs. The chief objective was, first of all,to establish a simple link
between theoretical considerations (e.g. a priori calculations of electronic energies
and wave functions) and the observed spectra. Hence, attempts have been made both

to interpret fresh experimental results (obtained at Amherst and elsewhere), and

to improve the theoretical framework itself,

Analytical impurity wave functions associated with deep levels in semi-
conductors (e.g. GaAs:D, GaP:0) were calculated, using a pseudopotential scheme[Jaros 1977]
in which a realistic and convergent model was employed to represent the host
crystal band structure and the impurity potentials. The effects determining the
form of the wave function were studied with a view to establishing a relationship
between the position of a deep level in the gap and the localization of the wave
function,

The optical impurity-to-band cross sections involving deep levels were computed as a
function of photon energy and temperature [Jaros 1977,Tyler 19771. The electron-phonon
interaction was taken into account within the strong coupling model of Huang and
Rhys. A relatively simple formula was derived which can be used to interpret optical
cross sections associated with deep centers dominated by a short range potential,
Numerical results were obtained for GaP:0, GaAs:0 and Si:Au and the threshold

energies, the magnitude of the Franck-Condon effect and the temperature dependence

. . ..
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of the binding energies determined. It was possible to relate the optical

spectra to the recombination processes in the material.

1 A-theoretical estimate of Auger recombination cross sections from full-

scale calculations of electron-electron and electron~lattice interactions was

also made and related to numerous observations in TII-V materials. [Jaros 1978]

The most important conclusions can be summarized as follows:

a. Given the band structure of the host crystal and a localized potential
dominated by a redium or short range term, we can compute the energy
spectrum almost as accurately as necessary. This excludes atoms with open
d-shells,

- b. Both the conduction and valence bands play a significant part in the

formation of the impurity energy and wave function. The final position of

the level depends on a delicate cancellation process.

c. In the past the localization of the wave function has been assessed by

] relating the argument of the exponential tail of the function to the
impurity energy defined with respect to the nearest relevant band edge. As
a result, the localization becomes a sensitive function of the impurity energy.
This view is inadequate in the case of deep levels.,

d. The localization of the wave functions has been shown sufficient to cause

a substantial Franck-Condon effect.

e. During displacements of a certain symmetry, the localization of the wave

function does not deteriorate substantially even if the level approaches !

the band edge. Thus, it becomes a highly localized shallow impurity. [Brand

19771 Accordingly, the multiphonon transition probability can be large,
as indicated by observed thermal broadening.
f. Many (most?) deep centers can bind more than one particle. The electron-

electron interaction is about 0.1 - 0.2 eV/electron and the Auger-type '

~-13 -6 2
recombination cross section can be large (10 - 10  eom’).
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Theoretical analysis of the Fano-anti resonance and local mode sidebands
in luminescence [Penchina et al 1979, Penchina 1980] has shown that Cr on an
As site slightly increases the local force constants, and has optical transi-

tions to resonant state degenerate with the continuum.

6. WORK STILL IN PROGRESS

A study of capacitance transients in O doped GaAs, studies of photo-Hall
effect and Photoconductivity in O and Cr doped GaAs, and studies of GaAs
selectively implanted with isotopes of Cr and O were begun under this contract.

Some of this work is still in progress. A report on these studies will be

submitted as an Appendix when the work is completed.
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Culeulmtions of the effect of displacemsnt uvon ceep donor levels
suggest significant Aifferences between groups IV and 1II-V semi~
conluctors. We conclude that oxypen in 3aAs and GaP  should possesns
tetrahedral symmetry and predict a large trigonal distortion for
gubstitutional nitrogen in diamond. Cur resulte indicaete that the
tevel duc to N in dismond occurs {n the unrer half of the bend gay.
We have calculated the effect of displace~ radlative (multiphoncn) recombination vin the
mert on the positicn of deep. cxysen-like donor two-glectron level of oxygen in 3aP and Sn-D
levaly in the forbhldden band gop of GeAs, (aP, pair in GaP by displacing the impurity Hxeulo -
31 and dlamond.  Our results Indiecate suhstan- atoms from thelr substitubional (perront ewestal}
tini Jifferences beatwenn groun 1V sapd VIV notitions and eveuating the impuvity enevetlen ac
mat«rials.  In partlealar, we show tha* n static
triwcnal {outward) displacemsnt o€ the subsiun-
tial Adonor nitrogen in -flamond Jeads to en ) 20 Kis Ls B
inerease {n the impurity ionization energy. | i ¢ o€y
Although »ur results for N ta dimmoad sufter <
from a !arce uncertainty due to the choire of f’
*he impurity vetential and 'acx of self-consic~ o . i
tency Bt larpe dlsplacements, these remifis <
suggest that the donor level accuras in the uprer ; ™
half of tne band gap. n& - ,‘/ .
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~ores  of oxygen and the host atom (i.c. ¥). . ] // \
screenzd with en appropriate dleLlceiric !oncrinn, 07 ,’ // \ i
Uader such clrcumstances one might expesr oxyzen 1 / //
in, say, faAg o hehave dnoa i lar foodan. ! i
Here we ure not referring tn the ground . S e Gap
enerpy {wnich ic knowm %o be very seneitive to i /‘f
the dspt% and range of the impurity potertiall o ot ///, e Gehd
hut rather vo the patur- of the atute, *.e. 148 A Rl
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hin study, we %ake the potential characteristis ! .
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s function of the lattice coordinate{l]. The M-
thod required for such a calewlation and its esp~
vergence ies have been descrided iz somw
detall [2,3]. The essence of the method consists
in expressing the impurity wave fumetion in Sérwe
of the unperturbed host crvatal sigenfunotions wnd'
solving the one-electron Schrédinger equation nu~—
werically. Typically, ten dands and several
thousand points in the reduced gsone are requirsed .
to achieve satisfactory results. The fmpurity is
represented by & screened atomic pseudopotential
[b]. This mav be a severe approximation since tha
concept of a neutral pseudoatom nresupposes an
atom in a strictly periodic lattice. Therefore,
our model cennot yield a truly quantitative
description of the problem. However, it is
hoped that calculations such as ours may vell
supplement the existing often merely phenomeno-
logical considerations in this field.

In Fig. 1 we present the results of our
calculations of the change in the impurity
energy By, as a function of the displacement 4.
The energy Ej of the impurity with respect to
the conduction band of the vibrating lattice is

90)

ENERGY

E (impurity)

LATTICE DISPLACEMENT

Fig. Za: The impurity energy E;, shown in

Fig. 1, and in Fig, 3, represents the
energy with respect to the conduction
band in a vibrating lattice. Thus E;
can be pictured as a separation of the
potential curves in a standard configu~-

ration coordinate diagram shown above.

calculated as in ref, [1]. By and & ere {llus-
trated in Fig. ?2a and b, resp. In Figsn 1, 3 and
L the displarement. is expressed ss a percentage .
of Lhe corresponding perfect crystal nearest
neighbour distance. Fig. 3 shows the results
for diamond.

As exvected, very little difference is
found as far as CaP and GaAs are concerned.
Although we preasnt our results for displacements
as large as LO%, it must be emphasized that our
model becomes quite unrealistic for large 4.
However, in spite of thelir rather academic
charneter, the recults fnr 4 % 10-30% do »elp us
5 underntand the ovarall “rend. In contrast
with the cass of NaAs and TaP, vhere the
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of impurity (i.e. a deep donor). The potemtial
wve use in our calculations for GaP and OaAs is
juite realistic and a good estimate was obtaimed
(2] of the depth of the corresponding single
donor levele in these materials. The potentials
for GaP:0 and GaAs:0 are of almost identical
shape and similar strength. Therefore the re-
sults shown in Pig. 1 of the displacement calcu-
lations on these materials, at least for small 4,
are amenable to experimental verification. How-
aver when we come to ugse this potential in 81 and
diamond we are merely examining thes effect of
the host crystal oroperties upon the change in
the position of a state associated with such a
"wotential, Hence the results in Figs. 1 and 3
concerning S1 and diamond do mot correspond to
any observeable process.

It would appear that the covalent lattice
is less stable in the presence of a deep donor
and may favour lower symmetry configuration for
the impurity. The mxisting experinmental data
does point in the same riirection. lumineseence
apectra associated vith oxymen in GaP [5] are
consistent with a model based on Tq symmetry for
the centre. Our numerical efforts {3,5) to
asgess the effect of a static distortion upon
this imourity are in apgreement with this experi-
menta! evidence. C(n the other hand both oxygen
in silicon and nitrogen in diamond are known to
possess lower symme®ry [7,81.

N {n diamond is of particular interest
since {t is8 a "simple" donor. Therefore we
dscided to attempt a calculation of the binding
energy of a substitutional nitrogen donor in
djumond. A calculation of the effect of static
displacement upon a deep level has been des-
cribed in ref. 3 and will not be repeated here.
As before, no correction is made to account for
~hanges in the valence band due to the dis-
vincement. Therefore, we cannot predict a
rminimum energy displacement and our model bew
comes unrealistic for large d. Another Aiffi.
culty arises in connection with the choice of
the potential since several somewhat different
pseudopntentials are available [9,10]. Also
some error ig introduced br processing the
potential for the ralculation. To avoid the
Aifficuities involved in choosing "the best"
votentinl, we performed our computations with
111 like!y candidates and show the results
o e weakest and strongest potentials in Fig.
", "™ gur between the two curves is large but
e is obvicun that the outward trigonal (static)
iisciacement ualways increases the binding energy
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isipurity potential.
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Warve functions and optical cross sections associated with deep centers in semiconductors
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Analytical impurity wave functions associated with deep levels in semiconductors (e.g.. GaAs:O, GaP.0)
are calculated, using a pseudopotential scheme in which a realistic and convergent model is employed to
represent the host-crystal band structure and the impurity potentials. The effects determining the form of the
wave function are studied with a view to establishing & relationship between the position of a deep level in
the gap and the localization of the wave function. It was found that the localization is not a sensitive
function of the impurity energy measured from the nearest band edge. The optical impurity-to-band cross
sections involving deep levels are computed as a function of photon energy and temperature. The electron-
phonon interaction is taken into account within the strong-coupling model of Huang and Rhys. A relatively
simple formula is derived which can be applied to interpret optical cross sections associated with deep centers
dominated by a short-range potential. Numerical results are presented for state one and two of GaP:O, and
the threshold energies, the magnitude of the Franck-Condon effect, and the
determined. A brief discussion is given of optical cross sections associated with deep centers in GaAs and Si.

1. INTRODUCTION

Photoexcitation has been widely used with suc-
cess to study shallow and deep impurities in semi-
conductors. The main features responsible for
this succegs are the speed, sensitivity, and the
spectroscopic character of the technique. In con-
trast with standard conductivity measurements of
the thermal-activation energy of the Hall constant,
the optical method provides data for the relevant
transition-matrix elements. The spectral distri-
bution of the optical cross section can be deter-
mined at a number of photon energies and in a wide
range of temperatures. Thanks to the great sensi-
tivity of the technique, the spectral distribution
can be accurately assessed over several orders of
magnitude. Hence it is possible to study the broad-
ening of the signal due to the electron-phonon inter-
action in some detail. In brief, the information
provided by a well-planned experiment of this kind
may yield the position of the impurity level in the
forbidden gap, the character and magnitude of the
coupling between the impurity and lattice, the
properties of the impurity wave function, and the
temperature dependence of the impurity level. Ac-
cordingly, the method has recently been refined in
several directions. For example, the technique of
photocapacitance spectroscopy has been developed
which allows the deep levels within the space-
charge layer of a p-n junction or Schottky barrier
to be studied directly.’** This technique has been
demonstrated by Henry and collaborators®* to be a
fine tool for the study of deep levels. A quasi-
equilibrium spectroscopic method which uses two
light sources and a differentiated photocapacitance
signal has been developed by White et al.® ® Grim-
meiss et al.” have pioneered a method which is
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perature dependence are

based on the fact that the occupancy of an impurity
level is not changed during illumination with pho-
tons of different energy if the photocurrent is kept
constant. As a result of this lively development a
great deal of experimental data has been made av-
ailable. The strong overlap of this information with
that provided by related methods, e.g., lumine-
scence, optical absorption, etc., further enhances
the value of the above-mentioned efforts. Un-
fortunately, the interpretation of the experimental
data concerning the optical cross section is not
always straightforward and a theoretical model is
an essential ingredient in any event. Although the
processes associated with shallow impurities seem
well understood, this is not the case for deep chem.
ical impurities and defects. Indeed, a truly quanti-
tative analysis cannot be hoped for at the present
time because our general understanding of the deep
level problem i< still poor. Yet it may seem de-
sirable to make use of the existing insight and aim
at producing a general prescription which would
enable us to extract as much information as possi-
ble from a given experimental data.

Recently, we have performed caiculations of im-
purity energies associated with chemical impurities®
and lattice defects® in IIl-V semiconductors. Insome
cases we also computed the wave functions associated
with deep states. In Sec. II we extend this calcula-
tion with a view to establishing a relationship be-
tween the position of the level in the forbidden gap
and the localization of the wave function. In the
past the localization of the impurity wave function
has been assessed by relating the argument of the
exponential “tail” of the wave function to the impur.
ity energy defined with respect to the nearest
relevant band edge. As a result the localization
becomes a sensitive function of the position of the
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impurity level 1n the gap. This approach has been
shawn correct in the case of “‘shallow” impurities,
1.e., those impurities whose nature is determined
by a prevailing role of the long-range Coulomb po-
tential. Our calculations indicate that the position
of a deep state in the gap may not necessarily be a
good indication of the degree of localization. This
result can be understood if we study the formation
of the impurity energy and wave function in terms
of the individual contributions associated with var-
ious parts of the wave-vector space. In general,
numerically significant contributions can be found
even from bands lying farther {rom the principal
gap. The position of the impurity leve! in the gap
1s a result of a delicate cancellation process in
which all these contributions play a part. Con-
sequently, the “depth” of the level is not simply
linked to the degree of localization of the corre-
sponding wave function. Since the impurity energy
defined in this way is really a difference between
large terms of opposite signs, it is not surprising
that it is a sensitive function of the strength and
symmetry of the impurity potential. The impurity
wave function appears to be highly localized and
the degree of localization is not so sensitive to the
strength of the potential. Both these observations
seem useful, In particular, they allow us to simp-
lify calculations of the optical matrix elements.

In Sec. 11 we deal with photoionization cross sec-
tion o.(hv) as a function of photon energy hv and
temperature 7. The electron-phonon interaction
is accounted for within the strong coupling model,
in the quasiclassical approximation.!®* We arrive
there at a simple prescription which allows us to
deduce from a set of experimental data the position
of the level in the gap, the magnitude of the
Franck-Condon effect, the temperature dependence
of the impurity level, and to a large degree, also
the symmetry of the impurity wave function. In
Sec. IV we apply our model to a set of data con-
cerning GaP:0. We also comment on optical prop-
erties of similar states in GaAs and Si. We em-
phasize there the need for studies of temperature
dependence of the optical cross sections, without
which any data would seem to be incomplete and its
interpretation at least to some extent ambiguous.

1. IMPURITY WAVE FUNCTIONS ASSOCIATED
WITH DEEP LEVELS IN SEMICONDUCTORS

Recently, we have reported detailed calculations
concerning energy levels associated with “deep”
chemical impurities and lattice defects in GaAs
and GaP.»* The most obvious aim of such calcuia-
tions is to predict the positions of the impurity
levelg in the forbidden gap. Indeed, the impurity
energy is often the only observable that is available
from experiment. However, with the advance of

various techniques of optical and capacitance spec-
troscopy some additional data, e.g., carrier capture
or photoionization cross sections, is becoming
available. In most cases, such an information can-
not be processed and made use of in the absence of
a reliable description of the impurity wave func-
tion. It is, perhaps, characteristic of the state of
art in'this field that very little is known about the
wave functions associated with levels lying further
within the band gap. One might expect, as usual {n
quantum theory, the wave function tc be a more
sensitive indicator of any inadequacies of 2 model.

It has heen shown in the early days of solid-state
theory that the wave functions of the so-called shal-
low impurities can be thought of as a product of an
envelope slowly varying smooth function, and a
periodic function derived from the lowest-lying
band minima.!? It was also shown that such an ap-
proximation must break down if the dominant part
of the impurity potential becomea more localized.
If we then expand the impurity wave function § in
terms of the complete set of eigenfunctions ¢, ; of
the perfect crystal Hamiltonian H,,'***

WP =T A, ¢, T, (1)

the coefficients A, ; associated with bands and wave
vectors farther from the absolute band minima or
maxima may still be numerically significant. [In
(1), n, K label bands and reduced wave vectors,
respectively.] The simple separation of the impur-
ity wave function into the envelope and periodic
parts is no longer possible and the wave function ¥
must be calculated numerically. We can, for in-
stance, compute the impurity energy and coeffict-
ents A, ; following the methods of Refs. 8 and 9 and
output y(¥) of Eq. (1) at some real space points ¥,.
As we shall see later, such a procedure reveals
some interesting properties of the wave function.
However, it might be more convenient to generate
¥ directly in an analytic form as a solution of the
Schridinger equation with the proper Hamiltonian
and impurity energy.

It is borne in mind that a small angular .varia-
tion, and a nodal structure extending far beyond
the nearest-neighbor distance may not be relevant
if we choose to deal with a deep state of A,(T,
group) symmetry.”!* Indeed, one expects a car-
rier with an energy near the middle of the gap to
be well localized within the volume comprising the
impurity and its nearest neighbors. In such a
case only a few parameters may be sufficient to
capture the most important features of ¢ and pro-
vide a useful analytic function which is weil be-~
haved for large values of ¥ and has a correct norm-
alization.

Let us begin by choosing a trial function

Waa, fi+ay /s, @
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where
y‘ s “\l) l,?.,-.‘v . ,'2 = (N:)ﬂ A2 &1 + F;r)(.'nr . (3\
and define 4, N,, and N, so as to ensure
/ f‘f,r’dr=6”. 4)
]
The funciion $° must satisfy the Schr8dinger equa-
1 tion
(Ho+hl =€y, (5)

where h, € represent the impurity potential and
energy. respectively, and are assumed to be known
= from our earlier calculations of €.%* We may write

(Hy= ©OZ A, ;6,7 +hi=0, (6)

and substitute for y° from (2), multiply by ¢%; and
integrate to obtain

A, +Z ——-&"’"" hif . 3

t=1

Multiply by (f,'¢, >, and 2. & gives
32
X 2‘! A 0,0+ Y a
L0 i=1

xz (On, ,lh f&(f! ©u® -, (a)

i€

the sums can be read.ily computed following the
procedures in Refs. 8 and 9, and the parameter o
can be determined from the condition Det=0.!*
Finally, the coefficients a,, a, can be calculated
and ;® of Eq. (2) rewritten

PN/ (1+yr)eor, (9

To test the reliability of the wave function ¢° de-
fined in (9) we can invoke a consistency condition
based on Eq. (6). If we compute a coefficient A] ;

from

A== (P, i O/ (Epg=©), (10)
then

¥

H

]

*

0 ] 2 3 ] 3 0
X {o.u)
FIG. 1. Sketch of x%(1=0.68x)2 exp(=1.72x).
e L4 & M
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2
k3 /
*
[
LN/ ’
’ 2 = e 1 JI
[¢] H 2 3 4 5 [
X low

FIG. 2. x™xtx)x*ix' of Eq. (111 for the trial-Tunction
parameters a = 0.%6, ¥ - =0.6% (aol‘d Liner and ¢ - 000,
¥=—=0.55% ({interrup*ed line).

X=ZA%:%,; (11

should be indistinguishable from ;.

As we indicated earlier our procedure might have
the best chance of success if applied to what is
basically an s-like state. Calculations of the im-
purity energies concerning 2 substitutional donor
oxygen in GaP and GaAs have been performed” and
deep levels obtained. Therefore the above pro-
cedure was applied to compute " and x for GaAs:.0
ground state. We find y=~0.08 and o =0.86, in
atomic units (the energy € =0.78 eV was used in this
calculation ). »*¢°(r)? is sketched in Fig. 1. In
Fig. 2 we plot x%,"(x)?. We also show the values
obtained with y'=~(.55 and u’=0.50 for compari-
son.

In Fig. 3 we show xx* for both sets of y,u to re-
veal the form near |¥ ~0. Since the details of
x(x) are relativeiy insensitive to the choice of the
parameters v, 0, we might ask whether the form
of x is at all similar to the form of ¢ introduced
via Eq. (1) (i.e.. the function obtained via A, ;.
without the help of a trial function ¢?). When the
calculation of ¢ is carried out, it turns out that
x214(x)|? lies in between the two curves shown in
Fig. 2 and can be well reproduced from (9)-(11)
with a trial function (9) if y’=~-0.56 and o '=0.69
a.u.

The difference between a’(=0.69) and a(=0.86)
may indicate the degree of accuracy of determining
the localization of the wave function. In this regard
the pessimism of our introductory remark seems
well justified. It might be argued that a higher-or-
der polynomial in (9) could improve the situation.
Alternatively, we may feel that it is sufficient to
determine the wave packet of Eq. (1) at a grid of
points in space and {it a polynomial function which
dercribes these points. Naturally, such options
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FIG. 3. x(x} ¥ *x) of Eq. (11} for the twao sets of pa-
rameters o, v, Notation as in Fig, 2,

cannot be ruled out since, in principle, they are
perfectly straightforward— although tedious pre-
scriptions to follow, However, even for a state of
A symmetry which is being considered here, the
angular porperties of the wave packet in the region
of the second and higher nodes pose problems.
Furthermore, the amplitudes of ,{[? in the region
of, say, r=10 a.u. are typically by two or three
orders of magnitude smaller then |¢(0)|2. The
technical requirements which are set by these
circumstances seem unreasonable. For example,
we would have to aim at less than 1% error in ¢ in
order that the small amplitudes at larger T be
meaningful at all!

There are several reasons which seem to dimin-
tsh the importance of the discrepancy brought
about by the large difference between a and a’,
The parametrization chosen in Egs. (2) and (3)
links the parameter & which appears in the expon-

ential, to the parameter 3 and consequently to the *

position of the node. Although this form is com-
putationally convenient, it may impose a con-
straint upon «. It can be seen from Figs. 1-3 that
the position of the node is always enforced, no
doubt at the expense of an increased error in o,
We can show that the same difference between a
and o’ i9 found for the two-electron state O in
GaP. In Ref. 8 we presented the first-principles
wave function [derived via Eq. {1)] for the ground

state of this center. If we apply the procedure of
Egs. (2)~(9) to this case we arrive at =0.83,)
=-0.88. A glance at Fig. 1 of Ref. 8 will confirm
that the same relationship between the primed and
unprimed parameters is found.

Since our early efforts'? in this field we have
repeatedly observed that the localization of the
wave function did not change as expected from the
change in the position of the level in the gap. The
data presented in Ref. 15 are also an eloquent ex-
ample. The simplest way to demonstrate this
effect is to scale the impurity potential, i.e., to
multiply it by a suitable constant (the impurity en-
ergy of an s-like state changes quite substantially
with scaling®®) and subsequently compute a new
wave function. If, for instance, we bring the ener-
gy per electron in the above-mentioned two-elec-
tron state of GaP:0 down from 1.15 to 0.75 eV, the
parameters a,y become 0.79 and -0.61, respec-
tively.

In the above paragraphs we have emphasized that
both the conduction and valence band must be in-
cluded in the expansion (1) in order that a conver-
gent result for € and ¢ be ensured. The conver-
gence properties of the calculation as far as the
impurity energy € is concerned have been shown
in detail.®” It might be of interest to point out that
an analogical comparison is possible as far as the
wave function is concerned, We can recall our
earlier calculation in which the wave functions for!®
GaAs:0 and'® GaP:Owere computed with an expan-
sion in Eq. (1) truncated to include effectively only
the lowest two conduction bands. In those calcula-
tions the technique of solving the Schridinger equa-
tion was somewhat different but the general form
of both expansion (1} and the pseudopotential ex-
actly the same. The first node of the wave func-
tion ¥(x) appeared at a larger value (=} @, ,¢1c0 ¥3)
of x than that shown in Fig. 2. Also the results
from the truncated expansion appear to be less
localized. However, the overall character of the
wave function is nof much changed which empha-
sizes the prevailing role of the conduction bande
in the formation of these states.

This important observation can be extended to
include states dominated by contributions from val-
ence bands. Our calculations concerning energies
and wave functions introduced by lattice defects in
GaAs,® and also in'? GaP certainly support this
view.

It is borne in mind that if the above conclusions
are correct then we can hardly expect the differ-
ence in localization of the impurity wave function to
help us greatly in distinguishing one impurity from
another when we come to relate the localization to
the observed spectra. Also there seems to be no
aubstantial change in the nodal character of Y as a

>
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function of impurity energy provided that the sym-
metry is preserved. It is worth emphasizing that
so far we have concentrated our attention on defects
or deep impurities possessing the high symmetry
of a substitutional site in the zinc-blende lattice.
Our conclusions cannot be of course automatically
extended to interstitials or defects of very low
symmetry.

In the past the localization of wave functions as-
saciated with levels lying deeper in the gap than the
80 called shallow donors or acceptors has been
estimated from the quantum-defect theory.!* For
example, in their interesting study of the isotope
shift for zero-phonon optical transition at traps in
semiconductors,'® Heine and Henry evaluate the
probability P of a carrier being on an atom. To
compute P for deep donor oxygen in GaP, they in-
troduce an envelope function

R{r)~r"ler/o, (12)

where a=(2m*E )" /3(a,u.). Theparameter visde-
termined by relating the effective mass (hydrogen-
ic'?) value £, for a donor in GaP to the actual value
of the impurity energy E,

¥=E JE,. (13)

For a deep donor like GaP:0, v=(0.05/0.9)/2«1
and the envelope function in (12) becomes very sim-
flar to the solution of the Schridinger equation with
a 0-function impurity potential.*®?! Our calculations
on this subject show quite clearly that a substantial
area in the wave-vector space is involved in the
formation of the donor ground state and the effect-
ive-mass parameter is not applicable in the cir-
cumstances. Therefore the localization of the wave
function cannot be well represented with the func-
tion of Eq. (12). However, the nodal character

of the wave function is dominated by the standing
waves of the lowest parts of the conduction band

as conceived in the quantum defect model. Per-
haps as a simple approximation we can still form-
ally write the impurity wave function as a product
of a periodic part determined rather well by the
nodal properties of the dominating band states and
a decaying (localized) function. The precise nature
of the latter may be immaterial because it probably
does not change strongly enough from defect to
defect to be helpful in our analysis of most spec-
troscopic data.

N1 OPTICAL CROSS SECTIONS

The experimental results of a photoconductivity
or optical-absorption study can normally be re-
duced to a normalized cross section ¢ per photon,
and it is our prime interest to relate this observa-
tion to a particular defect or impurity. In practice,

we really want to distingussh one curve from an-
other, i.e., the real task is to predict the tempera-
ture dependence and the shape of the function o.(iv)
(where kv is the photon energy and T stands for
temperature) in relation to the nature of the impur-
ity concerned. We propose to characterize a deep
level by a set of parameters £, £_, dy., and AF,.
E, is the binding energy and is defined as the true
energy of the state taking part in the transition,
with respect to the edge of a specified band of the
host crystal. The maximum of the normalized
cross section occurs at a photon energy E . dy. is
the magnitude of the Franck-Condon effect. AE,
is the shift of the impurity level at I'| in the gap,
caused by a change in temperature. We aiso de-
sire to determine symmetry properties of the im-
purity wave function.

Let us first choose to consider the optical cross
section associated with an impurity-to-band transi-
tion assuming that the electron-phonon interaction
is weak and can be left out. Then it 1s a standard
approximation to write

ot = S 5 |(flemp(-if, DY, 10,07
L2

x YE +E, ;~hv). (14)

& is the wave vector of the radiation field and A is
the polarization direction. In the usual dipole ap-
proximation we have exp(-ﬂ?{?) ~1. The momen-
tum matrix element in (14) really indicates an av-
erage over all degenerate initial and final states.
The band wave functions and energies indicated by
®,,; and E, ; must be generated at a large number
of points in the Br'llouin zone and the expression
in (1) evaluated numerically if a truly quantitative
answer is required. Also the impurity wave func-
tion ¢ is needed as an imput in such an exercise.
In this application it is convenient to express J as
in (1), i.e., via the coefficients A, ;. A calculation
along these lines has been performed® for a transi-
tion from the two-electron state of oxygen in GaP
to the conduction band at low temperatures. How-
ever, a proposition that such calculations be per-
formed for all cases of interest, is unrealistic.
Indeed, as soon as the temperature rises and
strong electron-phonon interaction allowed for, the
prospect of accomplishing this task disappears
from our horizon. On the other hand, the impact
of any simplification we make must be carefully
assessed. The detailed calculation showed that the
sum in (14)~ when performed with a highly local-
ized function y—is not a sensitive function of the
form of . The powerful averaging process im-
plied in (14) always leads to a smooth curve for
o(hv) and its shape reflects mainly the nodal mis-
match between i and &, , a8 well as the variation
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w the density of states of the continuum.

In Sec. {1 we indicated the localization of the im-
purity wave function associated with a deep state
and pointed out that it does not change considerably
with impurity energy. This will help to simplify
(14). The momentum matrix element in (14) is,
with ¢ from (1),

@ip D= ZANUE . 1] ,0). 1%
We can rewrite (5) with § from (1), multiply from
the left by ¢ . and integrate over all coordinates
to obtain A,, 1. ,

Ay g = (b RIDAE, - E)). (16)

Since we generate &, E, ;, and &, ; within a pseu-
dopotential scheme, the crystal wave functions are
represented by linear combinations of plane waves,
i.e.,

®,¢= ’Z b,,s @ explik +C)) - 7], an

where G stands for a reciprocal-lattice vector.

The bands » and the reduced wave vectors k which
contribute to the transition probability at a par-
ticular photon energy /v are selected by the 6 func~
tion and the optical integral which appear in (14).
Because of our declared intention not to get in-
volved in the lengthy business of computing the sum
in (14) by a sampling procedure, we must now
enter upon the dangerous path of simplifications.
Let us choose to represent the band wave functions
by those of an isotropic semiconductor .222* Ac-
cordingly, the band functions take a form

Fi=(e™/VI)C e +Cye ), (18)

with C, =C, =1, and with + and ~ referring to the
valence and conduction bands, respectively. At
the band edge, the band functions are just (1/v¥)
{C,e'*r" +Coe™*r7). Lk% is the free-electron Fermi
energy in a.u.

It is easy to show that the Fourier transform in-
dicated by the matrix element in (16) is constant
over the range of energies E,, 1., over which the
mismatch between the nodal character of &,, ;, and
¥ remains (on average) the same. In Sec. I we
concluded that y may be formally written as a
product of two terms, one representing the nodal
properties of ¥ and the other being a strongly
localized function. We may, for instance, write

t~(e"*"/r)Fs. (19)

The analogy with the quantum-defect effective-mass
theory is merely in the form since we do not pro-
pose to choose a according to Eq. (12). The nodal
part is chosen as a standing wave associated with
the relevant band edge. We will return to comment
upon this assumption later.

In the case of most deep states, the impurity
potential is dominated by its short-range part. The
impurity pseudopotential generally derives its
strength from the area near the optimized-model
potential radius which is typically of the order of
the tetrahedral covalent radius »,, or less. There-
fore, we are not likely to overestimate the local-
ization of i if we choose h~re~"/fec. Then the lead-
ing term in the expression for the matrix element
in (18) is

. .
1By )= (8 2 || 9)-S25

x f sin{kr)re* dr , (20)
]

where u=a +1/r,. Hence
IE,, i) =1~ [u/(R2+u®2)(CitCY). (21

In Sec. II, we presented some results concerning
the localization of the impurity wave functions
associated with deep states. We found that «~0.5
{(a.u.). The typical value for r, is 2 a.u. 80 that
u~1 a.u. Since the range of photon energies is re-
stricted to 4v < E(gap) (and in fact the iomzation
energy E, constitutes a substantial portion of that
energy), the values of »* entering (21) appear to be
small acompared to , i.e., / is for any practical
purposes a constant. It is now easy to see that this
result does not really depend upon the choice of a
particular analytic form of ¢, ¢, ; since for a some-
what different choice the result would be the same.
However, we do need the simplified form of &, 5,
shown in (18) since it will enable us to eliminate
the sampling procedure. Then we can introduce
the band density of states p(E) and write (14.) as

ohnv) = const 7 2LE) |{FHPIFR(CT £ C3) r (22)
o E-E, :

Only a transition to a band with nodal properties
“matching” those of ¢ is allowed and since hv=E
+|E,|, we arrive at

o, ()~ [(hv=1E )/ h|pthv - |E|). (23)

With p~ (hv - |E,|*/?, the normalized cross sec-
tion of (23) has the same form as that of the well-
known Lucovsky formula.?* Had we assumed, as
did Lucovsky, that the potential  in (20) is a §
function we would have arrived at / =const and con-
sequently Eq. (23) as well. Here we obtain Eq. (23)
without having sacrified much of the realistic form

of h and ¢. Note that (23) predicts the maximum of
o(hv) to oceur at hv=2{E,|. AS we pointed out
earlier, our choice to represent the nodal part of
¥, Fg, in terms of the band-edge standing waves,
is merely a convenient vehicle for modeling (at a
later stage) the change in the nodal mismatch of
the impurity and band wave functions. It means
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Hence we arrive at another limiting case, analog-
ical to the Lucovsky formula for our “allowed”
transition, i.e.. cthir) ~plhv= {E,|)/hv® postulated
by Kopylov and Pikhtin

On our way {from Eq. (18) to (22), we kept the
mismatch between the nodal structure of ¥ and the
band wave function unchanged. Even in the most
favorable of circumstances such an assumption be-
comes invalid when we excite the carrier into
states lying farther from the band edge. This is
particular]ly so in the case of the conduction band
in direct-gap materials where the importance of
the multivalley character of the band structure is
manifest. The changes concerning the density of

' states can be, at least at low temperatures, well

accounted for via p. The change in the nodal mis-
match, alas, presents an unsurmountable difficulty
since its precise rate can only be established by

a very detailed calculation. To demonstrate the
essence of the problem let us suppose that j=¢"*"
x & /r. Then at each sampling point ngk,
{chosen in order to evaluate numerically the sum
in (14)] the leading contribution to I lI(E,,";‘)~M,,‘E,
where

Moy = Z bn".;l(al)bm':c(al ). (24)
H

In evaluating (20) we chose &, ; and &, ;, in such
a way that M happened to be one or zero. However,
the value of M will fluctuate as we proceed to
sample states farther from the band edge. So in
general, we must expect a detailed calculation to
reduced the average ralue of I as we increase £, ;.
In the language of our simplified formalism for

the evaluation of /. the average value of I,~C2+C}
where

1=C%+Ci=2 (25)
ard, for the minus sign,
0=C?-Ci|=1, (26)

- This can be taken into account if we introduce a

function n=n(E) such that near the band edge n=1
but n~0 a8 (hv— [E,|})~w. The cross section then

becomes
PE)| 1in /2 1%y va|?
o) s g, & ET<E,-E B0 -
@7

The appearance of the (negative) second term on

the right-hand side represents the fact that the wave
function y of a deep impurity can now couple to

both the conduction and valence band. Formula

(27) obviously oversimplifies this relationship.

For example the results presented in Ref. 8 show

-~ .
o @

—-—

that oaly the lowest two valence bands cuatribute
significantly to the totally symmetric ground state
of GaP:O. This observation is easy to underetand
if we recall that the top of the valence band is
basically p-like, whereas the lowest parts of the
conduction band are predominantly s-like. Only
the s-like part of the valence band contributes
significantly. Hence, in the language of our iso-
tropic semiconductor model, only the valence
states outside the optical gap contribute. We may
then change the denominator of the second term to
|E\}-4E,-$E,~ E, where E, is the average
(Penn)*% gap. It is borne in mind that the degree
of cancetlation brought about by the appearance of
the second term on the right-hand side of (27) de-
pends on the symmetry of the impurity center. By
analogy with the states of oxygen in Gal we expect
a deep state which is being dominated by the val-
ence bands to have small coefficients A, ; associ-
ated with the bottom of the conduction band. Only
farther from the edge would the p character of the
band states give rise to a region where A_ ; be
numerically significant.

In (27) we also assumed that #*/2m* = E(= hv
~ |E,]) instead of trying to achieve a better balance
between E'/? and (E,)'/2 by employing some ad-
ditional corrective parameter. Since this is only
relevant for small E where the second term should
not apply in any case, such an addition would not
be much of an improvement, However, whatever
the precise quantitative form of n(£) and other
parameters in (27), the effect upon the shape of
o{hv) can only be that the maximum of o(irv) shifts
towards lower photon energies. We can now under-
stand why the “Lucovsky” form of Eq. (23) so well
fits photoionization curves associated with “med-
ium” deep impurities like In in Si [E, =3k, (hydro-
genic)} but not those of “shallow” and “deep” im-
purities. In the case of the shallow impurities the
impurity potential is dominated by its long- range
Coulomb part and the wave function is very extend-
ed. The Fourier transform implied by the matrix
element I is then a sensitive function of & and its
shape depends on the degree of localization of the
impurity wave function. As a result the maximum
o occurs at hv<2|E,|.'* For deep levels dominated
by a short-range potential, 2 (E,!| is a large num-
ber, and before hv reaches 2 |E,| the excitations
occur from the deep level into the band states lying
farther from the band edge. The change in the nod-
al mismatch leads to a shift of the maximum to
hv<2|E,|. Although there can hardly be much
doubt about the nature of this trend, its quantitative
appreciation is difficult to establish. There are
obviously many ways of representing n which will
in turn affect the precise form of o{hiv). .
There ia some hope, however, that the actual
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Lattice coordinote

FIG. 4. Configuration-coordinate diagram lovolving a
deep level with binding energy E; and the conduction and
valence bands separated by a band gap E,. dgc indicates
the magnitude of the Franck-Condon effect. The tran-
sitions from the ievel to the condition bend (¢, ) and
from the valence band to the level (g,) are indicated. E,
is the optical-ionization energy.

form of n=n{E) may not be of great significance.
We must remember that the sole purpose of intro-
ducing this parameter is to take account of the
change in the average value of the matrix element
I with E due to the change in the nodal mismatch of
¥ and the band wave function. Hence n(E) must be
a slowly varying function of £. It should also
change very little with temperature. Indeed n must
change with E slowly enough so that the cross sec-
tions of medium deep levels are uneffected. Now
the minimum gap is always small compared to the
average (Penn)**? optical gap E, and since E, is a
good measure of the strength of the crystal potent-
ial, the rate of change in n(£) should go as ~(E,/
2)"!. Thus we may choose for 1 n(E) = exp(-2E/E,)
which interpolates smoothly between its apparent
values at E =0 and E ==, Should this prove inad-
equate £, can be used as a {ree parameter to
achieve a better agreement with experiment.

In our discussion of the impurity wave functions
associated with deep levels in semiconductors we
noted that these functions are highly localized. It
is therefore to be expected that when such a state
is occupied with an electron, some additional lat-
tice relaxation may take place which significantly
changes the position of the level in the gap. It is
customary to picture such an effect in a configura-
tion coordinate diagram shown in Fig. 4. The elec-
tronic transitions from and into the impurity level,
indicated in this figure, reflect the magnitude of
this effect (which is connected with the name of
Franck and Condon). In the event of strong coupl-
ing between the impurity and lattice, the transition
probability can be expressed following the model of
Huang and Rhys.?* In this model, the equations for
the electronic and phonon functions separate. Only

the electron-phonon interaction which is lnear ia
the lattice coordinates is included. The cross sec-
tion ¢ becomes

ol -—sar 3
orthn)= o T Kb ep(=i, - Bloupl Ui
L1 (2 8)
where the function J, ¢ carries the information
about the vibrationa) states and for the model in
question can be evaluated exactly.!' At high temp-

eratures and for strong electron-phonon coupling,
the expression for J, ; simplifies to

. 112 _(hv-[IERI+E ')’)
o i~ {47k, T SHW) exp( %, TS5
(29)

Here ¥ w refers to the phonon energy and the term
Shw=d,. i8 shown in Fig. 4. k, is the Boltzmann
constant. E, is the optical-ionization energy of the
impurity at T. The preexponential term obviously
does not affect the shape of the optical cross sec-
tion and for our purposes can be omitted. We may
now recall the simplifications which lead us from
(14) to (22). Including the expression (29), we re-
write Eq. (28) as follows:

1 1 /3
o,(hv)*HL‘dEpr(E)*%
RO ¢ £.3,)](:04 ks
IE"ot-E-(E,*E,WZ

thv=[IERI+E )')
Ak Tdye /'

X exp— ( (30)

IV. NUMERICAL RESULTS AND DISCUSSION

A glance at Eq. (30) may assure us that had we
decided to keep the true band structure in the ex-
pression for o.(hv) [Eq. (14)] we would now have to
face an unenviable task of computing the optical
sums as many times as necessary in order to ac-
complish the numerical integration implied in (30).
In the light of this observation, we may feel fully
justified in having introduced the simplification out-
lined in Sec. III. Instead of relying on a detailed
computer sum evaluation, our simple model de-
scribes the changes in the matrix element / due to
the nodal mismatch (between the impurity wave
function and the band states of a particular energy)
in terms of the parameter n=y(E,,E). In this
study we régard this as the sole purpose of intro-
ducing n. E, may be, if necessary, treated as a
free parameter, together withE], and dy.. The
computations implied by (30) are minimaland the
smallest computer allows them to be repeated as
often as required.’ Hence, a given‘'set of experi-
mental data, 1.e., the normalized cross-section
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3




P
0% /
it ‘/ E.(w)! cutve

0.2

dpc=0 : T=0 K

0s] 2
{q) 0.91 3 Ege23eV; Epr58ev
o ! 1 3
10 LS 20 o, 25
(a)
1
03| 2 dpc20 : Te=OK
(b}  o9i 3 Eqr23eV: Epe5.8ev
{ L e ,
i, 5 !
° e nw/E, 23
(h)
tOp
o EI *0.9ev '
T £4Q0 K
Ege=2.2ev 4
Ep:58ev
0.1k

0.01

[ PAN 24

GectO ; T.0X
£ge2 3oV E,2O9%ev
Eﬂ.v;,cwn
991
5.e§ H
40 3 H
ST i
20 2%
hv/E,
I.OF P
e £ :09ev T
n dgc* 025 eV
Ep*58ev
Eg{OK)=2.34 oV o
0.1 T(K) ! curve
200 . 2
| 400 ! 3
] —————
[ (d) !
0.0l |
o7 09 K 13 -] Lr "9

he (oV) ! l

dee (oV)

0.40 !
0.25] 2
3

0.10

o7 o] ki

FIG. 5. Normalized cross sections 6,,0, for several values of the parameters F;, dgc, £, and temperature T, from
Eq. (28). The nodal properties of the impurity wave function are determined by ¥; [Eqs. (18) and (19)}. The relevant
values of the parameters are indicated throughout (see also Fig. 4). In (b) the binding cnergy E] is measured from the
top of the valence band, Note that ¢, (¢) and oy, (b) are the special cases discussed in the text following Eq. (23). The
parameter E, is introduced and discussed in Sec. III, between Eqs. (23) and (24). Note that £,=5.8 eV is the average
optical gap of GaP. In (d) it is assumed that E| is independent of temperature.

curves o= 0.(hyv), at several values of temperature
T, can be interpreted in terms of the optical-ioni-
zation energy E[, and the Franck-Condon shift dp.,
fitted to reproduce the data. By selecting F; or F;
in (18) and (19) which indicates the origin of the
nodal character of y and employing (30) we may arrive
at a sensitive tool capable of distinguishing cross
Bections of centers possessing different symmetry
properties. In Fig. 5, we summarize some general
predictions based on the formula (30). We can see
there the shape of the cross sections o, and o,, as-
sociated with transitions from a level to the conduc-
tion band and from the valence band to the deep level
in the gap, respectively. The notation is consistent

1.3

s 7 e
hy (eV)

with that in Fig. 4 which shows the transitions in

a simple diagram including the Franck-Condon
effect parameter d,.. The effect of temperature
upon ¢ is also demonstrated and it is assumed that
the level does not have any temperature dependence
(i.e., the binding energy E, does not change with
temperature). Note that the ambiguity introduced
by our somewhat arbitrary choice of the parameter
E, 18 not very significant unless £, is taken to be
much smaller than the average optical gap.

One of the important conditions for a successful
interpretation of the experimental data i{s that the
cross-gection measurements are taken at several
temperatures. It is also easential that the range
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FIG. 6. 0,, and 0, are the transitions from and to
the oxygen donor (state 1) ground stste (E, (4 K) =896
meV from the conduction:band! indicated schematically in
Fig. 4. The curves refer to the present calculation with
dec =80 meV, E,(120 K)=0.87 and £, (400 K} = 0.82 eV.
The points are the experimental results (Refs. 3 and 26)
shown for comparisan.

of photon energles covered in the experiment is
sufficient to reach both the exponential low-energy.
tail and the point where o(hv) appears to have a
maximum. Should experimental results for op(hv)
at one temperature only be used for the fit to the
formula (30}, the result is bound to be ambiguous
since in the presence of large Franck~Condon
effect there are too many free parameters, With
data at different values of T we might be able to
diminish the uncertainty introduced via n.

In Sec. III we proposed that transitions from the
valence band to the impurity level be treated in an
analogical fashion to those from the level to the
conduction band which take place in the area near
the X point. This point is in the center of the
Jones-zone flat-surface area.? At and near that
point our attempt to imitate the “multiband” char-
acter of the observed transition by a simple form-
ula in (27) or (30) might be well justified. How-
ever, the transitions {rom the valence band (Fig.
4) occur near the I' point where the direct (optical)
gap is much smaller and the Bragg reflections at.
higher reciprocal-lattice vectors affect the band
wave functions. Qur formulas of (27) and (30), if
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simply inverted and used to wnterpret the above-
mentioned transitions, must of necessity give 2
poorer representation of the experimental data.

It is outside the scope of this paper to comment
upon the precautions an experimentaliat must take
in order to generate a trustworthy set of data.
Often the photoconductivity data are not supported
by any control data (e.g., photo-Hall mobility.)
Then, in the absence of any other arrangements, it
is not clear whether the observed signal is just a
“convolution” representing a number of transitions
or whether it corresponds to only one type of tran-
sition from one deep level in the gap. In brief, of
the vast literature on deep levels only a very small
fraction is amenable to theoretical treatment. It
goes without saying that the very threshold observ-
ed in an experiment is in many cases difficult to
establish {rom data taken at one temperature only.
This is particularly apparent in the case of deep
levels exhibiting strong coupling to the lattice.

Oxygen in GaP is perhaps the only “deep” impur-
ity as far as III-V semi-conductors are concerned
which has been studied extensively enough so that
the data required seems available. We will, there-
fore, concentrate our attention on GaP:0. We will
also discuss the applicability of (30) to deep levels
in GaAs. Finally, we will discuss some important
dopants in silicon, e.g., gold.

A. GaP:0-State 1 (one-electron donor state)

The transitions from the donor ground state to
the conduction band (o,) and also the transitions
from the valence band to the state in the gap (o,,)
have been measured as a function of photon energy
and temperature.®*?~? The experimental points
are shown, for 7=120 K and 77=400 K, in Figa,

6 and 7. The band gap of GaP changes from ~2.32
to ~2.22 eV in this range of temperatures.®®

0.

0.0I A 4 i |
08 LO L2 (X K 18
v (oV)

FIG. 7. Plot of the experimental results for ¢, (GaP:0)
at 120, 190, and 400 K (Refs. 3 and 28). ’
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The teaperature Livadening of vy, 18 relatively
small. Takuy J/, - 008 oV and recalling that the
low-temperature binding energy of GaP:0 1s 0.896
oV (Ref. 30) we arrive at curves shown in Fig, 6
which seem 1n reasonable agreement with the ex-
perimental values. Note that consistent results are
obtained for both o, and o, . It transpires that with
dy =80 meV between 120 and 400 K the oxygen bind-
ing energy with respect to the conduction band de-
creases by 50 meV. The assessment of the temper-
ature dependence is confirmed by the shift of
o{max) as well. The numerical estimate of both fig-
ures (80 and 50 meV) is, of course, subject to a
large error and these numbers are probably cor-
rect only to within +10 meV. The result is in
principal agreement withthe assessment of Braun
and Grimmeiss.?®

The difference between the observed and calcuia-
ted cross sections o, is not difficult to accept be-
cause of the approximate nature of (30). Also for
small d,. (and/or low temperatures), formula (30)
cannot be expected to reproduce faithfully the de-
tails of 0. The difference between the calculated
-and observed o, is more important. To illustrate
the effect with greater precision we reproduce the
data separately in Fig. 7. The dip in a,,l(hu) start-
ing at Av~1.15 eV persists up to high temperatures
without any significant change. Therefore, it is
not entirely clear whether it can be attributed to a
change in the band density of states only. It may be
that some other transition is responsible for this
odd effect. The point is certainly worth investi-
gating since our understanding of the levels intro-
duced by O in GaP is more advanced than in other
cases, where it may serve as a useful (and rare)
guide.

0.0
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FIG. 8. Summary of computer calculations concerning
the two-electron state (state two) of GaP:O (Ref. B). E,
{s the ground state of the state one. The aecond electron
is oaptured at EJ and the following lattice relaxation
brings the energy per electron down from E to E5. The
tranaition of an electron to the conduction band {0,,) I8

also shown.
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FIG. 9. The computed and experimental (Rel, 3) re-
sults for the clectron transitions from the two-clectron
atateof GaP:0 (0,,) to the conduction band, and from the va-
lence band to the level (0,,). The curves correspond 1o
a Franck-Condon shift of 0.55 ¢V. The first-principles
calculation (Ref. 8) gave 0.4 eV (sce Fig. ¥),

B. GaP:0 - State 2 (two-electron state)

The oxygen potential is strong enough to bind two
electrons.®!%3 The photocapacitance measure-
ments® ¢ were used to extract the optical cross sec-
tions "nz(’“’) and o,,(kv) involving an electron tran-
sition from the two electron state to the conduction
band and from the valence band to the level in the
gap, respectively. The temperature dependence of
o points to a strong coupling to the lattice. A cal-
culation was performed® to estimate the magnitude
of the change in the electron energy due Lo lattice
relaxation which follows the capture of the second
electron and electron charge polarization. That
result is pictured in Fig. 8, in terms of a simple
configuration coordinate diagram. The shape of
g, Was alSo calculated. However, the threshold
energy at which this transition should be observed
is not easy to deduce from such a calculation, al-
though we know the energy per electron in both, the
one and two electron states (and before and after
the lattice relaxation takes place), measured with
respect to the binding energy of the single donor
(i.e., ~.9 eV). In order to excite one electron from
the two-electron state to the conduction band, the
energy required to reaccommodate the other elcc-
trons in the system must be accounted for. Hope-
fully this term is small so that E, is approximately
given by the line shown in Fig. 8. In the present
study we can treat E ,, as a function of tempera-
ture. A comparison of the present calculation
with experiment is shown in Fig. 9. It would ap-
pear that the parameter d . should be less than
0.55 eV. The above-mentioned computer calcula-
tion gave 0.4 eV. The results of our calculations
as T=0 and T=400 K, presented in Fig. 9, are
compared with the experimental data of Kukimoto
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ef ol The computed curves for T=0 nicely il-
lustrate the dramatic changes brought about by an
wncrease in temperature. An overall agreement in
Fig. 9 138 good but the shape of 0,, hear its maxi-
mum is difficult to understand. However, it must
be remembered that these cross sections cannot
be easily extracted from the experimental data and
the relevant rate equations.®* In a difficult multi-
level problem some error is inevitable. Also, our
formalism is based on a linear-coupling model
which employs only one phonon mode. Nonlinear
effects may bring about some additional changes in
the shape of ¢, and 0,,» and may affect them dif-
ferently. It would then seem as if the two transi-
tions were effectively associated with a different
dy., an impression one might get from the com-
parison in Fig. 9. It is indeed impossible to fit the
high-temperature curves well with dy. being the
same for both, o, and o,.

C. GaAs

A single donor substituting for arsenic is expect-
ed near the middle of the gap.® Experimental data,
although in one way or another referring to oxygen,
has so far produced no clear confirmation of the
prediction. Perhaps because of this uncertainty,
and also because of a large number of deep levels
present in this material, it is to the best of our
knowledge impossible at this stage to gather a set
of data equivalent to those for GaP:0. The con-
fusing state of affairs is well documented in recent
papers by Lang and Logan™ or Lin e¢ al.®® A sim-
ilar situation is characteristic of another import-
ant dopant Cr.* We will, therefore, make only
general comments on the differences we should ex-
pect when comparing GaP and GaAs. As we pointed
out earlier .’ some effect upon the shape of the
cross section g, might be expected due to the low
density of states area near I'. We have also in-
dicated that the nearly-{ree-electron-like model
we introduced to allow for a better {it of ¢ may be

2 poor approximation at T where the concept of an
isotropic semiconductor breaks down. As a re-
sult somewhat skarper spectra might be expected
compared to GaP. However, as in GaP, the data
available at present does indicate a number of deep
levels in GaAs strongly coupled to the lattice.

D. Si

The optical cross sections of several important
deep dopants in Si have been measured. The data
on deep levels introduced for instance, by Zn>®
S,% Au,*® and Co (Ref. 39) is customarily interpre-
ted® as indicating that none of these impurities
exhibits strong coupling to the lattice. This is
most remarkable since it might support the old
belief that all these may be simple substitutional
donors or acceptors. The proposal that gold and
cobalt impurities are somewhat related to a com-
plex with vacancy" would lead us to anticipate a
great deal of lattice relaxation and the temperature
dependence of the optical cross sections should
show broadening.

Unfortunately, a careful inspection of published
material on levels in Si indicates that there are
substantial differences between results available
in the literature (gold donor being a good example).
The complications brought about by the presence
of several optically active levels in the material
under investigation, and in most cases a restricted
range of temperature considered increase the de-
gree of uncertainty. Also the band gap of Si is
smaller then that of GaP or GaAs and the absolute
changes in the impurity energy are expected to
shrink accordingly. We believe, therefore, that
under these circumstances the question concerning
the lattice relaxatio:: effects in Si remains open.
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It is argued that the recent quantitative results concerning localized de-
: fects in semiconductors (e.g. GaAs) are consistent with the possibility of
! large Auger-type cross sections associated with recombination at these

centers.

It is proposed that many of the capture cross sections reported to be
in the range 10712 -1071% ¢m?  which exhibit only weak temperature de-
pendence, and which do not depend on carrier concentration, might be

explained by this mechanism.

RECENTLY, we have reported pseudopotential calcu-
iations of the energies and wave functions associated
* with deeply bound carriers in GaAs and GaP {1, 2]. We
wve shown that, for instance, a gallium vacancy (Vg,),
v 2 complex involving an impurity and Vg, , may deep-
y bind one or two particles in the forbidden gap. We
tave also shown that owing to the close spatial locali-
ution of the bound particles, their interaction energy
15 a signtficant fraction of the band gap energy (e.g.
2.1-0.2 eV per electron in GaAs). These quantitative
results may enable us to make a fresh assessment of the
wle of deep centers in recombination. In particular, we
+ili show here that these results are consistent with the
rossibility of Jarge Auger-type capture cross sections
i~107"* ¢m?) at many a deep center.

The process under consideration is one in which the
. apture of a free hole by a center binding deeply two
sectrons is accompanied by ejection of the remaining
ecalized electron into the conduction band. This cap-
wre cross section has only weak temperature depend-
nce and is #ot 2 function of carrier concentration. It
. seems plausible to propose that capture cross sections
; o the order of 1071 ~107'¢ ¢m?, which do not depend
arongly on temperature, and which are related to deep
levels in the midgap region, could be explained by this
snechanism. Reports of such capture cross sections have
- requently appeared in recent literature on deep levels
nsemiconductors (38§,

Deep centers in GaP and GaAs are not expected to
«xhibit such large Auger cross sections. Nonetheless,
Bess [9] was able to develop a simple theory which
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predicted large Auger effects for highly localized cent-
ers. In spite of the physical insight provided by Bess’
work, his result has been overlooked in recent literature
{10-15] and the commonly held view is that Auger
cross sections are generally of the order of 107'% cm
or less [3]. The present study shows that the pred:ct-
ions of Bess are consistent with the results of our recent
calculations and that Auger-tvpe transitions at deep de-
fects in semiconductors might occur with cross sections
in the range 107 ~107% cm?.

Nonradiative capture via shallow centers (i.e. those
characterized by a long-range Coulomb potential) has
been understood thanks to the cascade mechanism pro-
posed by Lax {11]. The presence of closely spaced
highly extended states enables an electron to lose energy
by dropging through the levels and emitting one phonaa
during each such transition. The cascade capture cross
section increases rapidly with decreasing temperature.
The occurrence of this mechanism can therefore be well
identified. During a nonradiative capture at a deep cen-
ter, a large energy must be dissipated in one step. Such
a transition may occur via a multiphonon emission. In-
deed, in a recent paper, Henry and Lang [3] presented
in great detail both theoretical and experimental evid-
ence, convincingly supporting the idea that such multi-
phonon processes are commonly occurring in GaP and
GaAs. The multiphonon process is thermally activated
50 that g ~ g, e "B*7 je. the cross section increases
with increasing temperature, with a characteristic bar-
rier energy £p. The threshold of the exponential tem-
perature dependence is usually observed at or above
250 K. The essentisl ingredient of the theory of multi-
phonon capture is the assumption that the deep center
is strongly coupled to the lattice. Then for sufficiently
large lattice vibrations the deep level can cross into the
relevant band and capture a carrier. This situation is
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Fig. 1. A standard configuration- coordinate diagram Fig. 2. The transitions are indicated of a non-radiative
showing a deep level of an equilibrium energy £) in the Auger-type recombination at a deep center binding ‘wo
band gap (£ ). as a function of the lattice coordinate @.  electrons in the forbidden gap of the host crystal.
conveniently illustrated in a one-dimentional configura- considered here.
tion—coordinate diagram (Fig. 1). The existence of the Nevertheless, we can think of a number of Auger
large lattice relaxation implied in the diagram can he processes which should not have cross sections depeny-
verified independently since the diagram also predicts a ing on carrier concentration. As an example, we can
large Stokes shift in the optical spectia. consider the familiar mode} of u He-tvpe defect, e a
Henry and Lang do point out that not all ohserved center binding deeply two clectrons. The recombinatior
capture cross sections associated with deep levels in GaP process (Fig. 2) will then consist of 4 free hole moving
and GaAs exhibit the multiphonon capture. There are with thermal velocity and approaching the two-election
numerous report {35, 7] of commonly occurring deep  defect. It is then possible tor one of the electrons and
traps in GaAs and GaP with capture cross sections in the  the free hole to annihilute cach other. the excess energy
tange of 10713 10718 cm? which do not show apprecia-  being carried away by the other clectron which witl he
ble temperature dependence. For example, Lang and cjected into the conduction band. This encrgetic elect.
Logan [4] show four such hole capture cross sections ron will subsequently lose 1ts Kinetic energy through
associated with two unidentified (but commoniy pre- various collisions with phonons, The tranvition probah.
sent) levels, and Cu and Fe related deep levels in p-type ility for this process is
GaAs. The optical spectra of Fe and Cu related levels in Im i !
11T - V semiconductors do not indicate exceptionally w = —1<hbh — e h> % p, (]
farge Stokes shifts. Similar observations have been re- h iry —ry!
ported for deep centers in Si and Ge [6, 8.
There arc only two other mechanisms that might where b, ¢ and h represent the wave functions of the

be plausible in explaining a large energy dissipation bound electrons, the energetic electron and the free
which takes place in the capture into a deep level, name-  hole, resp. p, is the density of states in the conduction
ly the radiative and Auger ones. However, the radiative band. associated with the final electron state. The cap-
capture cross section at deep levels is never targer [16] ture cross section 0 is related to w by
than = 107'° cm? and thus does not appear to be rele- Q
vant. The Auger effect in GaP and GaAs has been stud- 0= (—) w )
ied extensively during the last decade and identified ~ Y, ‘
for example — as an important quenching mechanism where ¥ is the thermal velocity of the hole and §2 is the !
in GaP (Zn, O) [12]. Those Auger processes which in- volume of the crystal. The discussion of this problem i :
volve a collision of two free particles, have cross sect- usually presented without any reference to capture cros ! 3
ions characterized by their particular dependence on sections [10]. Instead, the ratio of the Auger-to-radia- !
the carrier concentration and as such can be easily ident-  tive transition probabilities is evaluated and xompared /
ified [10]. These processes have heen shown expenmen.  with measured lifetimes. We feel, however, that with 3
tally to be no larger than 107’ cm? and will not be the advent of the deep level transient spectroscopy ‘o
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; ,-H] and relared technigues which vield directly the cap-
'ure cross sections and their temperatyre dependence,
the gbove formulation might be a useful one.
: * The integral in (1) is normally evaluated with the
. tffective mass (hydrogenic) wave functions and plane
- waves representing b’s and e, &, respectively {14]. How-
sver, our recent computer calculations {1, 2} concern-
ng the wave functions assoctated with deer centers in
GaP and GaAs, have shown that the wave functions of
- deep centers are much more localized. Also their locali-
' ; ation is not simply related to the apparcnt one cleciron
“ground state energy as anticipated in the effective mass
heory. It is because hoth the conduction an valence
sands play a significant part in the {orration of the im-
qaurity energy and wave function. Sinec their contriba
; tons have in genera! opposite signs. the energy of the
evel with respect 1o the band edges reprosents only 2
‘raction of the actual interactions invoived. in hriaf e
ccatization of the wave functions of a given symmctry
nay vary very little from defec: 7o Jefoct alttough the
aosition of the level in the yan ¢sy not. ™
{ . ihow that in general the wave functions are woll
i zed within the nearest neighoor distarce
“ret (= 5 at. units). However, the nudal and nguiar
_itructure of the wave function strongly reflecis the syrm-
aetry of the defect and therefors might chiange quite
whstantially from center to center. Adso, the wave fune-
sons of deep centers are sirongly hvhridize:! with the
“wience band states. Both these zspects make a quantia-
§ 4we estimation of the electron—nlectron interaction very
T Afficuit. However, a detailed caleulztion of the offect
felectron —electron interactivn was carried oot for sev-
ol centers. It revealed that thisinteraction {Harizeo?
mergy should be zbout 2.1- 0.2 eV nereleciron i» GaAs
_ind GaP. This result gives us an oppormnrf 1 make 3
*listic assessment of the Magnitude of the inregral in
;N\ 1f we choose, forexamatz, to represent the reea’
< ed wave function (b) by g hydrogenic function
meffective radius o == 5 o.u., we car ther adingt W
~areening constant y s¢ 2s to ensure they the olagiran.
_mtron (Hartree) *cem compa*ed w;?.h thsso “unctions
"4 in the realistic range of encrgies. The noteutial v,
“een by the second electron due To the first is
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s now determined so that the interaciion enerey is
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wha = 5 au., k hecomes 7. As woe mentiapad earier,
b vaience electrons strongly interigs wiin e (e 2

- ; Jmsequeniay, the valense Band wave functions repte-
tunnng the frec hole function ~ must be alteved. M-
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cally, this means that the hole wave function will te
somewhnt changed in the relevert volume region (~ 2*)
around the center and the matrix eiement in (1) altered.
(This correction may not be so important for the encrge-
tic electron.) The relevance of these effects was antici-
pated by Bass. In his elegant study [91, he derived a
formula for the matrix element in (1) for the He-type
defect, with the hoie wave function containing a pre-
factor

exp (=2 (MM {1 —erf /' 71D (5)

to account for the localization of the hole in the viciajty

5! the defect. Using his resu't. with equations {i) and
123, we have

L
o = 4n(o? fag)? (p mpiv pam®)
X AFHpei2) 1+ OF (pad] ~ (16/80)F} (por )
1T 28 oy ) P 6}

where o = 2.529 % 1077 oin. p. p, and m*, m? are the
voments and effective niasses of the tree electron and
hole, resp., and FOY = {1+ (x/fe)? 17 The largest
crass section is expectod for a Jevel at the center of the
Tothidden gap. Then p/p, =1 and fap/te)t €1 lamng
,m,(.*OO K¥he =077 x 107 L= 2.65x 1078,
¥ = 7, end selting A/ m = Y. .'Jr simplicity, wa cbtain
a2 gy 30 om?l Vhe temperature dopendence of the
cross section 7 is given by that of thce hole thermal velo-
citv ¥ and the density of states g,.

The necrssary condition for the above recombina-
ticn presess 20 take place is the fuifiliment of the energy
conserveiion refetion, Le. the cnergy released in the
sircoron-hole annihilation must be sufficient to lift &
remzininn clestron info the conduction band, |t rmg,wt
seem that only ¢ few centers could satisly the above
condition, Mowever, we mus! remember that practically
apv deep senitr exidhils some coupling to the lattice.
Togeed, i many cases this counling is so strong as to
e n® hipj temperatures for capture via crossing of
the leep leve] inte the refevant band, Let us turn to the
stuation pictured in Fig, 1. Clearly, in this case the eyui-
anergy £y of the %«:w at @ = Qo 15 such that
the Anger trans'tion cannot take place. However, with
the hw'n of the electron ~phoron interaction, the level

can cross the critical energy value (Fg/2) so that the
Auger transition ¢an occur at { = 0. To accomplish the
pracess, anly modest iatiice vibrations may be needed
since, for exemple, most Ceep levels in GaAs have their
equilibrium positions enly sbout ~0.1-0.2 eV from
e midgap nosition. Ther~{oge, even the phonon-assist-
ed Avger trarsitions ~inL show very little temperature
denen-enge, Hence Tip, 1 izt correspand Lo 3 case
where Ty muitinhanes recomBination s quenched at
seratyres by the weakiv terqperature dependent,

owy fe
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powerful Auger process. At high temperatures, the multe.
phonon mechanism may take over, showing the charict-
eristic exponential rise of 0. As we e alreedy aoted,
the model chosen for the estmate of the ocder of mayni-
tude of the Auger-type capture cross seci,or was a1, wer
simplified one. In particular, for a phonon-assisiey trans;-
ition the svmmetry of *" ¢ probleny mav be such a3 2
reduce the cross section. We nuighit, thererare, expect the
ohserved values ¢
1074 1074 em? .
The predicted magnitude .md terperatyes depene.
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gap provide an additioral scioe for judwious imteia. .

expeniments along the line of 115} and [16}. Studyire
the Kinetics of the rise and decay of the photocurrent
after an injcction of minority carriers may be another
way of detecting this recombination mechanism [,
Finally. it is worth remarking that the onc-center,
He-like mode! considared here may constiture onfy v
of the numerous cases where o dec dafect{sh o e

two hiahly localoed, wroma introag AN
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Trapping characteristics and a donor-complex (DX) model for the persistent-photoconductivity
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Photocapacitance measurements have been used to determine the electron photoionization cross section of
. the centers responsible for persistent photoconductivity in Te-doped A, Ga,. ,As. The cross-section data,
1 which have been obtained at various temperatures and for crystals of various alloy compositions, are fitted by
; a theoretical line shape that is valid for large lattice relaxation. The line shape and therma! broademing can
best be fit by a binding energy of 0.10+0.05 eV and a Franck-Condon energy of 0.75 + G.1 ¢V. These
values are in good qualitative agreement with the large-lattice-relaxation model of persistent
1 photoconductivity which we recently proposed. We show that the 0.10-¢V binding energy 1 also consistent
with experniments that locate this energy relative to the Ferm: level. The dependence of the properties of the
persistent-photoconductivity center on the donor doming of the samples leaves hittle doubdt that this center
involves & donor atom, but bevause the center is not effective-mass-hke, we beheve tha! 1t 's 4 comnlex also
involving another constituent. Accordingly, we designate 1t as & “DX™ center The anomalwsly-large
Franck-Condon energy (Stokes shuft) and apparent fact thet the unoccupied state of the DX center is
resonant with the conduction band, vet sufficiently localized to produce a large relsxation. are thus well
established. These considerations lead us to the propose that the most bkely mode! for DX centers n
Al Ga, ,As, and perhaps in other compound semicorductors as well, i1s @ complex involyving a donor and an
anion vacancy. We show that such a8 model is qualizatively consistent with the overall trends :n persistent-

photoconductivity behavior observed m a variety of 111-V and 11.V! semicoaductors.

1. INTRODUCTION

In this paper we will discuss the thermal and
optical properties of the persistent-photoconduc~
tivity center in Te-doped Al,Ga,.,As. The domi-
nant features of this type of defect are: (a)an
apparently enormous Stokes shift (thermal depth
from the conduction band ~0.1 eV, optical depth
~1 eV), and (b) a2 very smail thermally activated
electron-capture cross section (<10™¥ c¢m”), for
temperatures below about 77 X. These features
could be gsemiquantitatively explained by a some-
what unorthodox configuration coordinate (CC)
model which postulated a lattice relaxation that
was very large for such an apparently shallow
center, t.e., the Franck-Condon energy dp. was
proposed to be much larger than the apparent
electronic binding energy E,.' We will present
here temperature~dependent optical data for thia
center which lend further support to the lattice-
relaxation mode! of Ref, 1 and leave little doubt
as to its overal! qua'itative validity.

The verification of this model, however,
raises more questions than it angswers. For within
the framework of the traditional understanding of
poirt defe~ts in semiconductors, based on the
elfective-mags theory, the model of Ref. 1 is
pbysically untenable, The fact that dyc >E, i8

hard to explain, since for all cases where it has
been measured, dpc i8 Some {raction, typically
0.1-0.5, of E,. Second, the CC model of Ref. }
requires that the defect charge density be suffi-
ciently localized to produce 2 larice lattice relax-
ation even when the state is resonant with the
conduction band, Thig is even harder to explain,
since the conventional wisdom has it that such
resonant states are highly delocalized, and hence
the electron-lattice interaction could not possibly
produce such a large relaxation. We will show
that a proper view of the origin and structure of
defect wave functions can resolve these apparent
contradictions.

The dependence of the properties of the persis-
tent -photoconductivity center on the donor doping
of the samples leaves little doubt that this center
involves a donor atom. But because the center is
not effective-mass-like and because its concentra-
tion is8 not always a f{ixed fraction of the donor
concentration, we believe that is is a complex in-
volving another constituent as well. Accordingly
we designate it as a DX center. Based on the
current theoretical understanding of deep levels
in semiconductors, we will present arguments
which we believe show that DX centers are most
likely complexes {nvolving a donor atom and an
anion vacancy, e.g., Te-V,, {or Te~-doped
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In Sec. 1l we will discuss the experimental
methods and in Sec, 11l we will present the experi-
mental results. Section IV is a brief discussion
of the optical-line-shape theory used to fit the
data. Finally, the resclution of the theoretical
inconsistencies mentioned above and our proposal
for the microscopic structure of DX centers are
presented in Sec, V, The paper is summarized
in Sec. VI.

II. EXPFRIMENTAL METHODS
A. Crystal growth and sample prepsration

The Al,Ga,-,As samples used in this study were
grown on n' GaAs substrates by liquid-phase
epitaxy (LPE) from gallium solution at 850 'C,
Schottky barriers were fabricated on sinyle n-
type epitaxial layers by evaporating a sem:trans-
parent (~10% transmission) gold film through a
mask with 250- and 500-um diam circular open-
ings. Some of the n layers were covered with a
second p-type epitaxial layer doped with Ge (N,
~Np=2x10" cm™™). The p-type layer was either
of the same aluminum content x (for p-n homo-
junctions) or of pure GaAs (for single p-n hetero-
junctions). These p-n iunctions were formed into
mesa diodes by applying conventional metallized
Ohmic contacts, sand blasting, and chemical
etching, They were then mounted on TO-18 head-
ers with leads attached to the metallized Ohmic
contacts by thermocompression bonding. Some
of the p-n junctions were mounted on edge so that
the junction space-charge layer could be uniformly
illuminated through the substrate. In a few of the
samples the substrate was removed by selective
chemical etching in order to avoid the effects of
the substrate absorption for hv>1.4 eV, For hv
< 1.3 no essential differences were seen in the
experiments performed on the three types of
samples—homojunctions, heterojunctions, or
Schottky barriers, The predominant dopant in the
n-type Al,Ga,., A8 epitaxial layer was

Te (5X10"¥ <N, - N, <2X10' cm™™),

although a few preliminary results were obtained
on samples doped with Se, Si, and Sn, Unless
otherwise noted. all resuits in this paper will be
for the Te-doped samples,

B. Capscitance spectroscopy techniques

The samples were studied by various forms of
capacitance spectroscopy. namely, deep-level
transient spectroscopy®'® (DLTS) and thermalily
stimulated capacitance’ (TSCAP) for the thermal-

33
LOGAN., AND M JA\ROUS Tl

emission and capture data, and pnotocapacitance’
for the optical cross-section data. The net shal-
low-level doping concentration was measured by
a Miller feedback profiler.”* These techniques
are especially well suited for the measurement of
deep-level concentrations. Thus, there is no
doubt that the thermal and optical data relate to
the same center, since this center dominates

the behavior of our samples.

In order to explain how the data in Sec. IU were
taken, we show typical DLTS and TSCAP curves
in Figs. 1(a) and 1(b), respectively. As is well
known,”*? these techniques correspond to the
same physical phenomena—thermal emissicn or
capture of trapped carriers in the junction space-
charge layer, observed on different tume scaies.
Thus, the DLTS peaks in Fig. t(a) correspond t»
thermal electron emission following a zeru-na--
ing voltage pulse (negative peak) and electron
capture following a forward-bias njection pulse
(positive peak), both with a 2,7-msec time con-
stant. The TSCAP data in Fig. 1(b), on the other
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FIG. 1. DLTS and TSCAP data for a typical sample
of Te-doped Al,Ga,. As with x=0.36. The DLTS spec~
tra corraspond to a rate window of 366 sec™ '; the TSCAP
heating rate was ~ 1 K/sec. Increases in C correspond
o fewer trappec electrons, while decreases in C {m-
ply more trapped slectront, The photocapacitance tran-
aition {s {ndicated by the arrow labeled Ay,
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hand. correspond to time constants of the order
ot secunds, This explains the shift of the DLTS
data to hwgher temperatures. The positive going
TSCAP step, corresponding to initial condition
(it) (defined below} is the same physical phenome-
non {thermal electron emission) as the negative
DLTS peak. From the magnitude of this TSCAP
step one can calculate the concentration of deep
levels which are emitting electrons with rates of
the order of seconds in the temperature range of
the step. Similarly, the negative going TSCAP
step corresponding to initial condition (i#i) (also
defined below) arises from the same effect as
the positive DLTS peak, We have found that this
1s due to electron capture in the case of DX cen-
ters in Al,Gay. ,As.

Usually a positive DLTS peak or a negative
TSCAP step is due to minority-carrier emission
(holes in this case). However, the fact that initial
condition (iii) can be established in n-type Schottky
barriers by illumination with photons of energy
as low as 0,6 eV totally rules out the possibility
of hole emission in this temperature range, Since
<1.5 eV light would be needed to empty hole traps
close enough to the valence band to emit holes at
the same temperature as the positive DLTS peak.
The fact that electron capture can give a signal
that looks so much like hole emission is due to
the peculiar nature of the DX center, i.e,, its
electron-capture cross section is very small and
thermally activated at low temperatures.'

Since most of the data in this paper have been
obtained by the techniques shown in Fig. U{b}, it
is important to consider in some detail the pro-
cedures used in establishing the initial conditions
for the three C(7') curves. Curve (i) is the steady-
state zero-bias capacitance recorded as a function
of temperature. This curve is reversible for in-
creasing or decreasing temperature scans.
Curves (if) and (i¢{i), on the other hand, are irre-
versible thermal scans corresponding to initial
conditions at the lowest temperature of completely
filled or completely empty DX centers, respec-
tively. Initial condition (if) is obtained by cooling
the sample from about 200 K to about 50 K with
+1 V bias. This bias corresponds to a narrowing
of the junction space-charge layer so that nearly
all DX centers (which are donors in Al,Ga,. ,A8°)
are below the Fermi level, tend to be filled with
electrons, and hence are neutral. At the lowest
temperature, the bias ig returned to 0 V, where
the filled DX centers in the space~charge region
constitute a nonequilibrium state which is me-
tastable because the electron thermal-emission
rate is vanishingly small at 50 K. Thus, as
shown in Fig. 2(a), the space-charge layer of
width W,, '3 made up only of {onized “normal”
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FIG. 2. Charge densitv vs distance in the abrupt-de~
pletion approximations (1) for the junction space-charge
layer corresponding to the three TSCAP Initial condi-
tlons in Fig. 1, and () for the constant-capacitince con-
ditic , of the photoionization measurements,

donors of net concentration N,. When the tem-
perature is increased to the vicinity of 100 K, the
DX centers begin to thermally emit their trapped
electrons and hence become positively charged.
Since Npy >» Np in most of our samples, this cor-
responds to a drastic rearrangement of the space
charge at constant bias which finally results in
the equilibrium width W,, shown in Fig. 2(a) as
the step-wise charge distribution with shaded
boundaries. The step at W, —A corresponds to the
point where the DX energy level passes through
the Fermi level in the edge region of the space-
charge layer.»® Thus between 0 and W =2, the
DX centers are above Ep and are empty in equili-
brium so that the positive space charge is ¢(Npy
+Np); In the edge region from W, - to W,, the
energy level of the DX centers is below the Fermi
level so that the equilibrium space charge is only
gNp. The steady-state capacitance change of
curve (i) as a function of temperature corresponds
primarily to the temperature dependence of the
Fermi level, and consequently of A, As A changes
with temperature at constant-bias voltage, the
space-charge distribution, and hence W, in Fig.
2(a), must change accordingly.
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tmtral contition tis) i Fig. (L) corresponds to
all DX centers empty. This is illustrated in Fig.
2(a) with the space-charge distribution ¢(Npy + Np)
from 0 to Wy,, with no edge region, Condition
(#ii) is obtained at low temperature from the
steady -state condition (7) by emptying the DX
centers either vptically. by exciting the electrons
to the conduction band. or clectrically, by re-
combination of the electrons with injected holes
under forward bias. The optical emptying path is
illustrated in Fig. i{b) and is utilized in the follow-
ing photocapacitance method to measure the elec-
tron photoionization cross section 7%hv).

In the low-temperature limit, where thermal-
emission and capture rates are negligible, the
concentration of occupied DX centers npyl(f) is
given by’

npxll) = Npy explot®r) (1)

where ¢ is the optical intensity in photons/ecm?®sec.
In the limit where Nyx>>.N;, the capacitance is a
complicated function of »py(t); thus the time de-
pendence of C from (i) to (itf) in Fig. lb) is far
from the simple exponential relationship of Eq.
(1). This is dramatically illustrated by the typi-
cal photocapacitance tr nsient at constant bias
voltage shown in Fig. 3. 1f, however, instead of
measuring the capacitance, we monitor the bias
voltage change necessary to maintain a constant
capacitance, the resulting voltage transient has
the simple exponential form of Eq. (1). This vir-
ture of constant capacitance measurements in the

{p) l
,— 8143 VOLTAGE
- N /  TRANSIENT AT
N ~ CONSTANT
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COMSTANT
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FIG. 3. Translents due to the photrlonization of NX
centers as observed for the same experimental condi~
tiona by two methods of measurement: (a) capacitance
transient at constant blas and (b) bias-voltage transient
at conetant capacitance.
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concentrated deep-level limit was first pointed
out by Goto ¢/ al.! We use the constant-depletion
mode of a Miller feedback profiler® to record the
constant-capacitance data.

The experimental sequence is as follows. The
sample 18 first cooled at zero bias to reach con-
dition (#), and then the profiler is switched to the
constant-depletion mode with the depletion depth
set at W,. When the monochromator is turned
on, the DX centers in the edge region are emptied
according to Eq. (1), as shown in Fig. 2(b). The
photoionization transient is measured by record-
ing the feedback bias voltage as shown in Fu. 3.
The optical cross section ol can then be obtained
{rom the time constant of the voltage transient 1t
¢ is known, In these experiments the light source
was a Bausch and Lomb high-intensity monochror.
ator, The monochromator output was measured
with a calibrated thermopile.

A peculiar property of DX centers, which is the
cause of persistent photoconductivity,' is that
when emptied at low temperatures it is impossible
to refill the centers without warming the sample.
The thermal barrier due to lattice relaxation
essentially stops all electron capture helow about
77 K, and the fact that the empty D.X state 1s not
in the gap makes it impossible to optically refill
the level from the valence band. Thus in order
measure 02 at a different photon encrgy after the
system is in state (i), it is first necegsary to
warm the sample to some temperature above the
negative-going electron-capture TSCAP step in
Fig. 1(b). As shown in Ref. 1, this electron-ca;:-
ture step is the same physical phencmenon as the
thermal quenching of persistent photoconductivity,
State (i32) in Fig, 1(b), therefore. vorresponds te
the persistent-photoconductivity state scen by
photo-Hall or photoconductivity measurements.'
As a consequence, in the measurements of o {hu:,
which are discussed in Sec. l1I, the temperature
cycle from the measurement temperature 7 up to
150-200 K along curve (fii) and back to T alone
curve (i) is required for each value of ht.

C. Determination of concentrations

The capacitance values corresponding to condi-
tions (i), (#i), and (if) in Fig. 1(b) can be put on a
more quantitative basis in order to determine the
DX center and net normal-donor concentrations.
The necessary relationships are based on a double
integral of Poisson’s equation giving the voltage
drop across a spatially uniform charge distribu-
tion p of width x as px’/2¢, where ¢ is the dielec-
tric constant of the medium, The step-function
charge distributions in Fig. 2 are based on the sc-
called abrupt-depletion approximation which is
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reasonably accurate for all conditions except for~
ward bias." From Fig. 2 we have

2(Vyy + V)= gl WiN, + (W =2)Np,], (2)
%(\y + V)= qgWiN, (3)
2(Vy, > V)= qWi (Npx + Np), (4)

where V', i8 the so-called built-in potential which
18 on the order of the band gap., and V is the bias
voltage. The depletion-layer width W is related to
the capacitance by

C=eA/W, (5)

with A the area of the junction., Since the capaci-
tance values in Fig..1{b) all correspond to the
same bias voltage, Egs. (2)-(4) are all equal to
each other. Thus from Eqs. {3} and (4) we have

N Cit )’
Sk (ta) g, 6
No (':u) 6)

From the double integral of Poisson’s equation in
the uniform concentration limit, we have

A=(2e0pr/gNp)'?, (D

where ¢pr=(Ef -Er)/q, and Ey is the energy of the
deep level of interest, For the DX-center case
E; =E¢ ~E,, where E, will be defined in Sec, IV.
Thus by using the value of Npy /Ny from Eq. (6),
the fact that the bias voltage is zero for the case
of Fig, 1(b) and the experimental value of Cy;, we
can solve Eq. {2) to obtain X and ¢gr, For the
data in Fig, (b}, we find Npy /Ny =8 with Npy + Np
~10" cm™Y, and ¢pp =44 mV at 100 K. The
charge-density diagrams in Fig. 2 correspond to
these values,

The steady-state capacitance change between
100 and 300 K can also be explained quantitatively
by Eqgs. (2)-(4). As the temperature increases
from 100 K, the Fermi level drops in the gap so
that ¢pr, and hence A, become smaller. Thus,
from Eq. (2), W must become smaller to maintain
the same voltage drop. Inthe limit of A~0, W
- Wy in Eq. (4). As we can see in Fig. 1(b) this
approximates the experimental situation. We ex-
pect and observe that the higher-temperature
capacitance is actually somewhat larger than C
since the band gap, and hence V,,, decreases with
increaging temperature., Another effect will cause
the room-temperature capacitance to be given by
Eq. (4) even il dpr#0; namely, at approximately
250 K the extrapolated thermal-emission rate e}
from the DX center' becomes equal to w . =27
x10° sec”!, corresponding to the capacitance mea-
surement {requency of 1 MHz, In this case, when
the deep- level occupation can {ollow the measure-
ment frequency, the capacitance is given by Eq,
(4), which includes both the shallow- and deep-
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level concentrations as if A were zero, even if it
actually is not.! Normally, the transition from the
high- to the low-frequency limit i8 accompanied
by a well-defined step in the C vs T curve, and is
the basis of the admittance spectroscopy tech-
nique.’ For the DX center, however, no such step
is seen near 250 K. Apparently, ¢, is close
enough to zero at 250 K and ‘or the w,, ~c¢f step is
broad and small enough $0 as not to be noticeable.
Note that the very fact that T(7) gradually de-
creases {rom 300 to 100 K is unusual, and relates
to the DX center being the dominant donor in these
samples, Our measurements on samples with
normal donors of approximately the same depth
(~0.1 eV), e.g., n-GaP, show a relatively tem-
perature-independent C(7') curve down to about
80-100 K, At that point the capacitance abruptly
drops to zero because either ¢ of the donors or
the device RCtime constant can no longer follow
wpe. Most ~0.1-eV deep levels can follow o4
above 100 K and hence contribute to the space-
charge-layer capacitance, even if the carrier
concentration in the bulk is much lower than
- N4, i.e.. capacitance measures Np - N, , not n,
For the class of 50.1-eV -deep donors the gradual
C(7T') curve in Fig. 1 is only seen for DX centers;
this is further evidence that the DX thermal-emis-
sion depth is considerably greater than its equili-
brium depth.! Indeed, the edge-region photocapa-
citance technique used here [see Fig. 2(b)} would
not be possible for normal donors because the re-
capture of electrons in the edge reyion is typically
much faster than the photoionization rate for all
but the most intense light sources, e.g., tunable
ir lasers. The fact that the DX center is the
cause of persistent photcconductivity, i.e., has a
vanishingly small electron-capture rate at 50 K,
is the only reason why the somewhat unusual tech-
niques used here work at all.

1. EXPERIMENTAL RESULTS
A. Optical linc shape

The electron-photoionization cross section o¥)
measured by the constant-capacitance bias-vol-
tage -transient technique of Figs. 2(b) and 3 is
shown in Fig. 4 for an v=0.37 Schottky-barrier
sample with the substrate removed, These data
were taken for two temperatures, 44 and 78 K.
The solid lines in Fig. 4 are a theoretical fit ac-
cording to the phonon-broadened line-shape theory
to be outlined in Sec. IV, The small temperature
range of 44-78 K was dictated by the experimental
constraint that the thermal-emission and capture
rates be small compared to the optical-emission
rate. The modest thermal broadening in Fig. 4 is
actually quite large for such a small temperature
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rise and, as we will discuss in Sec. [V, verifies
the qualitative features of the large-lattice-relax-
ation mode! of Ref. 1, The maximum cross section
of 4%10°'" cm? is typical of other deep levels as
reported in the recent review by Grimmeiss.!?

Figure 5 shows data from five samples of differ-
ent aluminum content (0,27 € v < 0.60) all taken at
44 K. We have normalized all the data to unity at
1.2 eV without having measured the absolute cross-
section changes from sample to sample. The heavy
Une drawn through the data is the 44-K theoretical
fit shown in Fig. 4. The lighter lines for x» =0.27
and x=0,30 are not fits but are intended ta show
how thege samples, well into the direct-gap com-
position range, have distinguishable shifts in the
threshold region for g<10” %c,,,. As we will dis-
cuss in Sec. IV, these weak tails at low values of
hv most likely correspond to transitions to the low
density of states at I', It is noteworthy that the
remainder of the curves shows essentially na con-
sistent variation with crystal composition. Indeed,
the three curves for v =0.37, 0.42, and 0.60 are
practically indistinguishable,

B. Variations of DLTS spectra

The small sample-to-sample variations that are
seen in Fig. 5, other than the direct-gap tails,
may be attributable to the fact that the DX center
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does not seem to be a single well-defined center,
but rather a closely related family of defects with
a slight spread in binding energies. The range of
possible Te-related DX centers is shown in the
selected DLTS electron-emission spectra shown
in Fig. 6. Note that some samples actually show
two resolved DLTS peaks, while most show a single
peak of varying width locaied somewhere betwcen
the extremes of the double-peak examples. The
range of peak positions in Fig. 8 corresponds to a
shift of about 60 meV in the thermal-emission
activation energy of ~0.3 eV. There is no system-
atic correlation of these peak positions, and hence
of thermal-emission energies, with mixed crystal
composition. Apparently, the dominant type of
DX center in any given sample is determined
more or less at random. The only possible cor-
relation with x {8 that the very few double-peak
examples seem to occur more readily at the
extremes of the composition range, i.e., in the
¥=0,20~0,30 or ¥r> 0.6 range. Perhaps the rela-
tive probabilities of particular Ga or Al arrange-
ments around the defect play a role in the slight
shifts of its properties,

1 gt i
o alitidt o b e . i
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FIG. 6. DLTS spectra of the DX centers in six Te-
doped Al _Ga, . As samples selected to show the typical
range »l peak positions and line shapes commonly ob-
served. The rate window was 2.7 +10° sec!, with a
2-V reverse bias and a 3-V majority-carrier pulse of
10-4 sec duration.

C. DX signal versus x and stress

Let us now discuss a set of data which are valu-
able in assessing the reasonableness of the ener-
sies to be determined in Sec. IV {rom the optical
fit. These data, as shown in Fig. 7, are the mag-
nitudes of the DLTS signal due to DX centers in 2
larre number of samples of various Al content.
Note that there is quite a bit of scatter in the
points. This corresponds to {luctuations in the
Npx “Vp ratio from sample to sample. In fact,
using the procedure of Eq. (8) we find the Npx/Np
ratio to be typically of the order of 10 but to vary
from less than 1 to more than 30 in different
samples, This variation has only a modest corre-
lation with v, i.e,, the lower Npy/Np values tend
to occur for higher Al fractions, as seen in Fig. 7.

The precipitous drop in DLTS signal below x
=0.35 is not due to a drop in DX concentration,
however, This is shown by stress measurementa,
The y axis of the heavy arrow in Fig, 7 corre-
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FIG. 7. DLTS signal magnitude due {0 DX centers in
varfous Al,Ga,. ;As samples vs the aluminum fraction
v of the samp le under the same conditions as the spec-
tra in Fig, 6. The heavy arrow indicates the stgnal in-
crease in an x = 0.3 sample {nduced by the application of
2 2,5 kbar stress. The discontinuous drip in DLTS
signal below v =0.36 corresponds to Fy crossing the Fer-
mi level, as explained in the text.

sponds to the 3x increase in DLTS signal induced
in an x = 0.3 sample by the application of 2.5 kbar
of stress; the x axis of this arrow indicates the
composition change which would give rise to the
same shift of the I' minimum as does 2.5 kbar of
hydrostatic stress. A similar effect was seen at
v=0.25, but at x=0.37 the same level of stress
produced no effect. Thus the DLTS signal is af~
fected by stress only in the exponential-drop-off
region of ¥<0.35.

The stress was applied to mesa diodes perpen-
dicular to the junction plane; thus the sample di-
mension along the stress direction was consider-
ably smaller than in the perpendicular dimension,
80 that the stress could be considered essentially
hydrostatic. Under these conditions the major
change induced by the stress is to raise the I' and
L conduction~band minima by 12.6 and 5.5 meV/
kbar, respectively, and to lower the X mmnimum
by 1.5 meV/kbar.!! Since such an effect obviously
cannot change the DX concentration, it must have
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cvhanged the DX occupation. This could only hap-
pen if the eneryy level of the DX cventer were above
£ the » <035 composition range, so that it
would be only partially occupied during the majori-
ty-carrier pulse used to initiate the DLTS signal.
The large signal change between = 0,35 and v

== 0.22 can be readily explained by an exp| —(£y
=Eg) k7] Boltzmann factor if E; more or less
follows the I' minimum while £py * Exy —E, roughly
follows the high~-density-of-states X minimum Ey.
The data in Fig. 7 can thus be interpreted as
showing that E,y crosses Eg for 0.32 <x<0,35 and
more or less follows the X minimum in the direct-
2ap reygion (see Fig, 9). Also, this crossing point
corresponds t0 Opr=0 50 that A=0; indeed, we
see no edge effects in the C(7') curve for v<0.235,
as expected,

D. Donor doping effects

One of the most important observations concern-
ing the DX-type centers is that they depend strong-
ly on the concentration and chemical species of the
donor added during LPE crystal growth."® First,
the DX concentration depends nearly linearly on
the donor concentration.’® Despite some scatter in
the data, this proportional velationship can be
seen relative to both N; ~ N (determined by C -V
or Hall measurements) and the amount of Te add-
ed during crystal growth.

Even if such concentration data leave one uncon-
vinced as to the “D” of DX centers, the dramatic
shifts induced by changing the chemical type of
donor should leave no doubt that D X centers in-
volve donor atoms as a constituent. We have ex~
amined several samples having n layers doped
with Se, Si, Sn (or undoped) instead of the Te
doping which all of our other results are based.

A complete treatment of the various dopants is
planned, but the preliminary data can be briefly
summarized as follows. The samples doped with
Se show behavior such as in Fig. 1, which is es-
sentially identical to that of the Te-doped sampies.
The Si- and Sn-doped samples, on the other hand,
are very different, both {from Te and Se, and from
each other. For example, the DLTS spectra of
Sn-doped samples always show two peaks, With
the same rate window (3.7X10° sec™!) as the Te
data in Fig. 6, the Sn-doped spectra have a small
peak (Npy <<Np) at ~245 K and a very large peak
(Npx>Np) at about 130-140 K. The TSCAP curves,
such a8 in Fig. 1(h), are algo very different for

Sn dopting, i.e., the negative step from C,,, occurs
at about 40 X, indicating a smaller barrier to
eizctron capture than in the Te case. In general,
the Sn-related DX center appears to be somewhat
closer to the conduction band than the Te- or Se~
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related centers. The Si-related DX center is evey
deeper than the Te and Se centers, with the posi-
tive TSCAP step from state (i) at ~160 K and the
negative step from state {izi) at ~140 K.

The unknown background donor, which 18 always
present in the mid-10"*-cm™"
does not produce any of the effects reported
above. Nonintentionally doped samples show no
DLTS peaks in the region where the peaks due to

DX centers appear, and, in addition. do not appear

to exhibit persistent photoconductivity or show the
qualitative TSCAP behavior of Fig. 1/b}. This
might mean either that the DX concentration de-
pends nonlinearly on the donor concentration, in
spite of our concentratiof data, or that the back-
ground donor is nof Te, Se, Sn, or S, but another
element—perhaps C —which does not produce a
DX center with states in the gap. The suggestion
of C as the background donor in Al,Ga;-, As is
not unreasonable, since the LPE growth boat 1s
constructed {rom graphite,

IV. THEORETICAL FIT OF THE PHOTOIONIZATION DATA

The experimental results of a photocapacitance
or optical-absorption study can be presented in
terms of the normalized cross section g per nci-
dent photon of energy kv, as in Eq. (1) and Fics.

4 and 5. It is our prime task to find a link between
the characteristic propertics of a(hv) and the
quantum- mechanical parameters associated with

a particular defect, In the present study, we wil
adopt a recently developed' approach which has
been successfully applied to a number uf deep-
level spectra, Accordingly, we will restrict our-
selves to a brief outline of the most important
considerations particularly relevant to the prob-
lems we are trying to solve here.

In the absence of an electron-phonon mteraction,
it is a standard approximation to write the cross
section ¢ as

const ' = ee - Y
olhv) = o z;!w:exp(—vk.-r)q-p:d’..,:‘l‘

X b(eg+ E, 3~ hv), (8)

where k is the wave vector of the radiation field
and X is the polarization direction. In the usual
dipole approximation we have exp( —f'ﬁ,A *f)~1. The
momentum matrix element in Eq. (8) really indi-
cates an average over all degenerate initial and
final states. ¢y E_j, and & ; stand for the im-
purity energy, band energy, and wave function as.
sociated with a band » and reduced wave vector k,
regpectively. ¢ represents the impurity wave
function.

range in our samples,
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In the event of strong coupling between the im-
puruy and lattice, the transition probability can
be expressed following the model of Huang and
Rhys.'d 1n this model, the equations for the elec-
tronic and phonon functions separate. Only the
electron-phonon interactinn which is linear in the
lattice coordinates is incluced, The cross sec-

fion o becomes

) ~ -1* L [ (¢ lexo(<1k < DE, - e, )%,

(9)

where the function J, ; carries the information

about the vibrational states o
question can be evaluated oxactlv. ™
vlectron-phonon coupling, the expression for

.l'q'; simplifies 1o

=(rUYY 2expdthy -

where

S Atani(fiw/20 1.

Herve hw refers to the phonon eners

ndd for tho medel in
For strong

(20)

Boltzmann constant, § is the :{u.:n'.,—Pu‘yys factor,

and the terms Shw = ¢y ond

o+ Cpe ATE L0a

fined 1n the conliguration coordinate (CC) diagram

shown in Fig, 8. The preexponentia
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{10) obviously does not affect the shape of the
optical cross section, and for our purposes can he
omitted.

In Ref. 12 a series of simplifying approximations
were introduced which, for a sufficiently localized
¥, allow one to express Eq. (9) in the form

olhv)~ 1— f dF p(1)
v Jy

l'F‘_ >[-\' )

1

an

where p(E) represents the density of electron
states, Ep is the frec-electron Ferm: enerey. E,
is the forbidden band gap, and £, 15 the average
or Penn gap. The function n{f} mterpolaws tea
tween its epparent values at £=3 and # ~ ¢, and
was chosen simply as (E)=exp(-2£7F ). The
required choice of + or - depends on *he nodai
character of ¢ and corresponds to vadence-band-
like or vonduction-band-like Jeop states Dor the
uppver aad lower signs, prespectively. In addition,
pl£) anc E, mav be functions of rq‘mpar HETEIInE
well. We have neglecied tiis poss:olity over the
limited temperalvre rangs of our measurcowets.

The eross section oliv) obhserved ot <everad
vaives of temperature can be Uitted with Ny 0110
by using the optical wrization cnerpy £, Ko+ g
and the Franck-Condon shift dp. as a
rameters. Since £, appears ‘o be of the araer of
0.1 eV from (ierme! measurements,” (s clear
that the line shape in Fig, 4 can oniv be fit by Eq.
{11) for dec " £y Faor f dpe wore ioss than &,
the cross-section curves would fiterally disappear
from the fipures. with ¢, occurring at jrr~0.2
ev!

in the limit of a large dp.. the formula for
o(av) in Eq. {11) is dominated by the lattice-re-
laxation Gaussian and the details of the electronic
part in Eq. (8) become unimportant. The approxi-
matiors in Ref. 12 concerning Eq. (8) are there-
fore perfectly acceptable in this case. A difficulty
may arise, however, at kv < 1.5 eV, since above
that energy the drop in the crystal density of
states'® at around 2 eV above the conduction-band
edge begins to affect the cross section. In order
to repregent the cross section well at i -~ 1.5
eV we would have to abandon our simple model
and perform a more vigorees calculation of the
eiectronic part in which the true variation of the
elenirome matrix clement and the density ot
atates {arther from the band edge is better ac-
counted for. However, our main objective here

stable pa-
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is to determine the magnitude of dy. and E, from
the thermal broadeniny and composition dependence
of mAv). We arc first of all interested in ¢ be-
tween {ts apparent threshold and maximum, there-
fore we will take p(E) ¢ E'/%, The theoretical fit
for a valence-band-like state, shown in Fig. 4 with
the experimental data, was obtained with dgc
=0,75+0,1 eV, E,=0.10£0.,05 eV, and Fw=10
meV. The other parameters were fixed at the
values for GaAs (E,=5.2 eV, E,=11.5 eV) and

Al, ,Ga, o;As (E,=2.05 eV). This result seems

to esentially confirm the original model which we
proposed for this center.! The thermal and opti-
cal energies of the Te-related DX center may thus
be summarized in Fig. 8(a). The oxtent to which
these data are consistent with a4 sirmple CC dia-
gram is shown in Fig, 8(b), where the estimated
ranges of error are shown as shaded regions.

The values of E,+ dg. in such a diagram, are
quite sensitive to the values chosen for E_ ancd

E, However, since the CC diagram is totally de.
termined by only two parameters, we can see

that the internal consistency among the data in
Fig. 8(b) is quite impressive for so simple a
model.

The estimated errors for dyo and E, are pri-
marily due to the fact that the experimental data
cover only a small range of temperatures. Data
at higher temperature would provide a means of
testing our model more thoroughly. In addition,
it may well be that the linear model is not en-
tirely adequate for such large relaxations., How-
ever, the magnitude of the broadening with in-
creasing temperature seems in good accord with
the large value of dyc reauired to fit the shape
of o(hv) (Fig. 4).

The large value of dyc means that modest varia-~
tions in the density of states due to variations in
composition should not introduce any sharp fea-
tures in o(hr). In particular, the appearance of
the tail of low densily of states due to the I' valley
being lowered in cnergy with decreasing x should
have no such effect on 7 and on the actual position
of the level in the gap. We would thus expect that
the optical spectrum should be practically un-
changed a8 x increases from 0.4 to 0.6, and should
shift only slightly towards lower energies as we
move into the direct-gap range. Indeed, this is
the behavior of the data in Fig. 5. It occurs be-
cause the level does nor follow the band edge but
rathe:r .ne higher-lying regions <f large density
of stater primarily associated with the X valley,
as indinnted in Fin, 9. Any guantitative assesament
of the shift of 7 towards lower energies with ce-
creasing v is obscured by the large scatter of the
data for different compnaitions. As pointed out
in connection with Fig. 6, it would scem that the
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FIG. 9. Equllibrium cnergy Eg of DX centers in
Al Ga,. ;As as deduced from the fit (o the optical data
in Figs. 4 and 5 with astimated error bar, The shaded
region 0.32<x<0.35 indicates the range of composition
where F, crogges the Fermi level, according o the deta
in Fig. 7. The lowest high-densitr-of-statex minimum
relevant for ontical transitions is shown shaded. The
Al,Ga,.  As bund structure is from Dingle of af. (Re!.
i6).

material contains several Te-related DX-type
centers of very simiiar energies and overall pro-
perties which mav vary somewhat from sample (©
sample.

In Fig. 9 the range of x where we think E,
crosses Ep according to the data in Fig. 7, is
shown., The Al,Ga, ,As band structure in Fig. 9
is taken from Dingle ¢f nl.'® Unfortunately, it is
difficuvlt to know the precise position of the Ferm
fevel in our material. Clearly, that would pro-
vide a test of our prediction, for if our result £,
=0,10£0.05 eV were correct, the point where the
impurity level crosses the Fermi level should oc-
cur at a composition x such that the separation
between the Fermi level and the botiom of the X
valley is on the order of 0.10 eV. With the esti-
mated error of about 50 meV in E;, we see that
the Fermi level must be in the range -0.05<E
- E,<+0.05 eV at x~0,33, to be cons:istent with
these data. Hall data'™!® on Al Ga, As samples
with similar Te concentrations indicate E, values
in this range for the conditions of our measure-
ments. If we can assume that these Hall data were
taken on samples with large DX concentrations,
then the £, values in Refs. 17 and 18 are a mea-
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sure of &,, as well, For x>0.5, where a one-
band Hall analysis 1s valid, the ionization energy
extrapolated to low doping levels (which is the
appropriate value to compare with optical mea-
surements) is E,=0.105 eV.!® The estimate of
£,~0.1 eV in Ref. 1 is also consistent with these
values, but is subject to considerable uncertainty
since it is the difference of two large numbers.

Thus four independent measurements of E,—{a)
DLTS emission and capture measurements, (b)
Hall measurements, (c) the fit to the data of Fig.
4, and (d) the E, crossing point in Fig. T—all
slace this equilibrium thermal erergy depth be-
rween 0.05 and 0.15 aV. This leaves absolutely
10 doubt as to the reality of the large Stokes shift
associated with DX centers.

V. MODEL FOR THE STRUCTURE OF DX CENTERS IN
COMPOUND SEMICONDUCTORS

A. Inadequacy of effective-mass theory for deep levels

There are two principal features of the DX-cen-
ter CC diagram of Fig. 8(b) which are difficuit to
explain using the traditional views of defect states
in semiconductors. They are (a) the extremely
iarge lattice relaxation in which the energy of re-
laxation dp. i8 much larger than the apparent
binding energy E, and (b) the fact that before the
capture of an electron the unoccupird DX state is
resonant with the conduction band. vet still suf-
ficiently localized to force a lattice relaxation of
~0.73 eV after electron capture.

These apparent inconsistencies can be readily
resolved when viewed with our current understand.
ing of deep states in semiconductors. In the past
it had always been aggumed, in the spirit of the
effective-mass theory, that the localization of the
wave function could be simply related to the depth
of the impurity level in the forbidden gap. Thus the
envelope function would be f~exp{-ar), where
o ~{2m*E,)*'? in atomic units.!>* An effective-
mass-like defect state obviously could never be
localized if it were resonant with a band. How-
ever, if the defect state is properly viewed as
arising from many bands and not simply {rom
band states of the nearest minimum, then the
degree of localization is no longer related in any
simple way to the position of the energy level in
the forbidden gap.

In this more general view of deep levels there
18 no problem in accepting the possibility of a
strong lattice relaxation originating from a reso-
nant gtate, such as the unoccupied DX center.
Baraff and Agpelbaum?® have shown that even
though a bound state changes discontinuously in
ch.racter when it moves into the band and be-
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comes a broadened resonance of scattering states,
the change in the charge density associated with
the potential is continuous. This is a manifestation
of the Kohn-Majumdar theorem.?® According to
recent calculations of the energies and wave func-
tions associated with deep states in HI.V semi-
conductors,'®*»® it is quite reasonable to expect
that a bound state near the conduction-band edge
could be sufficiently localized to produce the lat-
tice relaxation required of the DX center. The
results of Baraff and Appelbaum allow us to ac-
cept such localization for a2 resonant state as
well. Indeed, the DX center might be viewed as
an experimental example of the gituation de-
scribed by the Kohn-Majumdar theorem., Of
course, we do not intend to imply that a resonant
gtate can ever be truly localized. "Indeed, any de-
fect resonance has a delocalized Bloch-wave com-
ponent in its wave funciion in addition to a locah-
zed component. We define a localized resonant
state to be one in which the corresponding elec-
tronic charge density is predominantly found in the
immediate vicinity of the defect.

When a state is viewed as arising {rom the over-
all density of states and not necessarily related in
any important way to stutes at a particular tand
minimum, we can then understand why dg. > E,.
This is because the value of E, determined for
the DX center is not really a measure of the
strength of the DX potential, but rather is 2 mea-
sure of the position of the state in the gap with re-
spect to an arbitrary energy reference point,
nzamely the conduction-band minimum at X. Inga
sense this is the “binding energy”, since the nei
change in free energy necersary to ionize a DX
center is E,. The energy with which dg. should
he compared, however, is not Z,, but some mea-
sure of the electronic strength of the UX poten-
tial, For effective-mass-like defects, these ener-
gies are the same, but not for deep levels. For
well.characterized deep levels. the Franck.Con.
don energy is some fraction of the strength of the
purely electronic part of the defect potential. For
transition elements in GaAs, for examrple, dp. 15
of the order of 0.1 E,,* where K, in this case is
of the order of the intra-d.level crystal-field
splitting., Other examples, e.g., ZnO or O in GaP,
exhibit values of dy. between 0.1 and 0.5 E;.**
Thus our value of de. ~0.75 eV would be quite
reasonable if the true atrength of the DX poten-
tial were of the order of 2 eV. In this context,
algo, the 60 meV range of energies in Fig. 6,
which seems large compared to the equilibrium
depth of E,~0.1 eV or the thermal-emission
depth of £~8.3 eV, is almost negligible if the
DX center is considered to have a potential
strength of ~2 eV.
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8. Discussion of DX model

We have seen above that the apparently peculiar
properties of the NX center need not be considered
at all unusual when viewed within the non-
effective~-mass framework of deep levels. In-
deed, based on recent state-of-the-art computer
calculations of deep levels,'? %24 there exists a
very common and plausible type of defect which
exhibits all of the qualitative features of the DX
center, namely, the donor-anion-vacancy complex,
In fact, any complex containing an anion vacancy
is dominated by this defect and has properties
qualitatively similar to the isolated vacancy.

Thus any complex of an anion vacancy plus an
impurity or even a divacancy (alone or with an
impurity) will behave roughly like an anion va-
cancy. The mode! which we will propose is merely
the simplest form of donor-vacancy complex.

The data do not preclude more complicated anton-
vacancy-related defects.

The unrelaxed As vacancy in GaAs has a gap of
~2 eV between the a, and 7, states which are
available for the dangling electrons, as shown
schematically in Fig. 10.?* Tkis splitting is a
measure of the strength of the V,, potential and is
the energy with which dgc ~0.75 eV should be com-
pared. Calculations of impurity-vacancy com-
plexes® show that the presence of the impurity,
e.g., a Te-donor atom, does not strongly affect

Ccp - . ettty s 3
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FIG, 10. Schematic single-electron energy-level
diagram for the unrelaxcd positive areenic vacancy and
Te V., !* complex in GaAr and Al,Ga, ,As. The vela-
tive ordering of the a; and ¢ states of Te V., depends on
the sign of the axial distortion, Note that the energies
shown are intended to bo of anly qualitative significance,

the overall properties of the complex, which is
still basically V,,-like both in its energy and wave
function. The similarity between isolated vacan.
cies and impurity-vacancy complexes, as well as
the insensitivity of such complexes to the details
of the impurity potential, are well known experi.
mentally for cation-vacancy complexes.’™2?® In.
deed, the existence of the donor-cation-vacancy
complex has been very well established; it is the
so-called self-activated Juminescence center in
II-VI semiconductors.?® Anion vacancies or their
complexes, on the other hand, have not been un-
ambiguously identified except in a few very wide-
gap II- VI compounds guch as BeQ, ZnQ, and
ZnS.”® This is consistent with the theoretical pic-
ture in which the much stronger potential at the
anion site pushes the anion-vacancy levels farther
up from the valence band than is the case for the
cation vacancy., Thus in all but the wider-gap
materials, the anion vacancy and its associated
complexes have deep states originating in the
valence band and pushed all the way up through the
gap and into the conduction band, i.e.. these val-
ence-band-like anion.vacancy states are deeper

‘than E,. In those materials where these highly

localized states are located near the edge of the
conduction band, it is possibie to have DX.like
behavior with the unoccupied level resonant with
the conduction band, while the occupied level
relaxes to a bound state in the gap. Such is the
essence of persistent photoconductivity.

FIG, 11, Crystal model of one of the 12 equivalent
second-nearest-neighbor positions for the Te donor in
the simplest form of Te V,, complex in A}, Ga;., As.
The Aas atoms are shown ghaded with the Ga(Al) atoms
plain, The Ga(Al} atom marked by an asterisk moves in

response to the Te donor and hence produces the sxial
diatortion of the vacancy, Different locations of the Te
donor and/or different local Al-Ga distributions are
likely to produce the range of DX energles cbeerved in
I'ig. 8, Sn or 8§ donors ocoupy Oa sites which are firat
noarest neighbors of the As vacanoy and hence give rise
to shifted DX energies, as explained in the text.
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I'hus, we propose a4 model 1y which the micro-
structure of DX-like centers 18 a complex wnvoly-
ing it donor and an anion vacancy. An example of
one pussible donor-anion-vacancy complex is
shown for Te donors in Al Ga,_ As in Fig. 11. Ex-
perimental data, of course, can never actually
prove that such a model is correct, but within the
general trends that have emerged from the recent
calculations of native defects and deep impurities
1 [11-V compounds!®**24.2* gur proposal is the
only defect model among those which have been
studied which is consistent with the observa-
vons.,

Let us first briefly discuss the other defect
models which have been theoretically analyzed in
order to show that they cannot even qualitatively
¢xplain the DX.center data, i.e., they cannot pro-
duce a “deep” highly localized slate above the con-
duction-band edge in Al Ga,_ As. We will consider
substitutional chemical impurities, antisite de-
fects cation-vacancy complexes, and interstitials,

None of the substitutional chemical impurities
and/or their pairs appear to be likely ca:. lidates.
Deep levels due to most chemical defects have
been {ound in the gap. Even in cases where the
electronegativity difference between the host and
impurity atoms is large (i.e., ZnTe:0, GaP:0),

a level exhibiting lattice relaxation appears in the
forbidden gap.”* The exceptions are transition-
metal elements and perhaps the elements from the
rare-earth groups. However, these are knownto
»xhibit only small Stokes shifts and their behavior
1s generally determined by the d and f character
of their incomplete shells.

An antisite defect, if it exists, should behave as
4 simple double donor or acceptor, since it has
only a weak short-range potential.

The gatlium vacancy and its complexes have
weak potentials and are expected to produce levels
n the gap.* Such a level has been observed in
electron-irradiated Al,Ga, , As and identified as
being due to V .** The donor-V,, complexes are
apparently the source ofthe well-known 1.2-eV
luminescence band in As-rich GaAs.”’

Very little is known about interstitials, es-
pecially bonded interstitials. Impurity interstitials
generally behave as shallow effective ~-mass donors,
but self interstitials have never been identified in
semiconductors, except as close-pair Frenkelde~
fects in 7 nSe

Let us now discuss the behavior of the Te-V,
model of Fig, 11 vis-d-vis the DX centers in Te-
doped Al,Ga,. As, keeping in mind that the actual
defect structure might differ somewhat in detajl
from that shown but still be dominated by V,,. The
attractive donor potential will lower the symmetry
of ¥,, and split the triply degenerate i, state as

shown in Fig, 10. The position uf these eneryy
levely may vary perhaps within 4 few tenths of a
volt or 8o with different chemical donurs or donor
locations, but the overall propertics are deter.
mined by the symmetry and by the strength of the
vacancy potential. The shifts in E, due to dif-
ferent donors, as well as the ~60 meV fluctvations
in the energy of the Te.complex in Fig. 6, are
consistent with this expectation. Indeed. the ex-
perimental donor-related shifts seen in the donor-
V.. self-activated luminescence centers 'n Zn$ and
ZnSe are also 40~50 meV.”” According to the ex-
trapolation of Fig. 9, the coror-V, complexes as
well as igolated V,, should be located well up into
the conduction band in pure GaAs, and are thus
relatively inactive electrically. This mav explan
the relative weakness of the recovery stage ap-
parently associated with V,, in irradiated GaAs.™
It is natural to ask whether this defect model 15
adequate to explain the persistent-photoconduc.
tivity centers seen in other materials, i.e., S-
doped GaAs,_, P,,** S-doped GaSb,* and Cl- and
Ga-doped Cd,_ Zn,Te,* and CdTe.” " Since we
would expect most anion vacancies in 1I-V and
1I-V1 compounds to give rise to states near the
conduction-band edge for material with £, in the
general vicinity of 2 eV, the model proposed here
should be suitable to explain all such data {(except
perhaps GaSb with its very small gap, where Vo
could be near the conduction band). The relatively
small differences in the strength of the interac-
tions and their effect on the actual position of the
energy levels mav have important consequences,
however. In particular, if the states originating
from the f, levels assccuited with the vacancy are
not pushed as deeply into the conduction band as
in Fig. 10 or 12(a), one of the levels might be in
the gap and the complex might show acceptor be-
havior, as indicated in Fig. 12(b). Indeed, the
defects in GaAs,_, P, (Ref. 32) and Cd,_,Zn,Te
(Ref. 34) exhibit an increase in mobility after
photoexcitation, i.e., behave as acceptors. On
the other hand, the DX center in Te-doped
Al Ga,_ As is a donor by virtue of a decrease in
mobility after excitation.® We would expect from
our model, in agreement with experiment® that
the DX center in GaAs, P, should be an acceptor
since V, in GaP produces a state in the gap™® and
hence i8 like Fig. 12(b). Thus in wide-gap ma-
terials like GaP or CdS we would not expect to find
DX-like high-mobility peraistent-photoconductivity
behavior, for in those cases the anion.vacancy
potential is not strong enough to push the state
above, or as far as, the conduction-band edge,
and the DX center should behave like a normal
deep level in the gap. This again is consistent
with experiment, for persistent photoconducttvity
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FIG. 12, Schematic single-electron energy-level
diagrams of Te V,, showing the possibility of cither
donor (a) or acceptor (b) behavior depending on the
position of the axially splita, and ¢ states relative to the
edge of the conduction band,

hasnot beenseenin GaP. InCdS the persistent-
photoconductivity state exhibits extremely low
mobility®® and most likely involves impurity-band-
ing effects, and not defect centers which are reso-
nant with the conduction band.

Very large relaxation effects, defined by a CC
diagram such as Fig. 8(b), in which dp. = SHw> E,,
are of course quite common in ionic materials.
The well-known carrier self-trapping phenomenon
in these materials is a typical example. Another
roore recent example is that of In in CdF,.”® This
along with the DX centers n llI-V compounds,
might be considered an example of what Toyo-
zawa calls the extrinsic self-trapping of an elec-
tron.* Even though the microscopic models of
the various defects may be quite different in these
very different materials, there seems to be a
general trend in which defects exhibit either rela-
tively small or very large relaxation with few, if
any. intermediate cases. This behavior has, in
fact, been predicted on very general theoretical
grounds for strongly coupled electron-lattice sys-
tems.*»€ The DX centers are thus striking evi-
dence that such behavior, which had been largely
confined to ionic materials, also exists in the
rather covalent IlI-V semiconductor compounds
as well,

%
—

LOGCAN, AVD M. JAROS vy

€ Other propused ¥V, y Mentifications

We must nuw deal with the fact that our pro-
posed V,,-impurity-complex model for the LX
center is in apparent conflict with the assign-
ment of V,, -related defect complexes to part:cu-
lar GaAs photeluminescence lines :n the vicini
of 1.4 eV.”"** Most of these assiunments are
highly speculative, but the recent ion tmplantation
experiments of Itoh and Takeuchi'! seem to give
good evidence for the luminescenve line at 1.4 eV
being due to 51-V,,. We believe, however, that
this assignmeni cannot possibly be correct. The
main argument against this dentiflication 1s that
this defect 1s observed to form during the 300-K
recovery stage of electron-irrad:ated GaAs: &
when Ga-displacement-produced native defects,
e.g., Vg, and Asg,, are mobile.””* In particular,
the 1.4 eV line forms during the 1, substage,
which is associated with the motion of the defecr,
or defects, responsible for the shallow £1 and £?
electron traps.* It has been suggested® that
these levels might be the two states of the As,,,
antisite defec:, which should be a relatively shal.
low double donor. In any event, thev are certa:nl
not due to V,,. which is thought to become mob.le
during the recovery stages at 235 and 280 ¥,

How, then, do we explain the observation of oy
and Takeucht*' that As’ ion implantation reduces
the 1.4 eV luminescence while Ar® rmplantation
does not. These data are clear ¢vidence that the
concentration of the defect responsible for the 1.4
eV line is depressed by excess arsenic,. Con-
versely, the increase in this line within 1 um of
the surface as a result of high-temperature an-
nealing treatments, 1s ronsistent with the defect
concentration being enhanced by an arsenic de-
ficiency. While the above data are certainly con-
sistent with the defect in questinn involving V', .
they are also equally consistent with the defeet
involving Ga,, Ga,,, or any chemical impurity
which is substitutional on an arsenic gite. Wat-
kins®® has shown for ZnSe (which in many wavs s
very similar to GaAs) that the vacancies and va-
cancy-impurity complexes which have been iden-
tified by EPR typically have very broad optical
line shapes. He specifically points out that one
should not expect any vacancy-related defect to
produce sharp luminescence lines. This is con-
sistent with our assertion that the relatively
sharp 1.4 eV luminescence line is not related to
an arsenic vacancy.

We believe that the most reasonable model for
the defect giving rise to the 1.4 eV line is a'St,,
acceptor, plus whatever it is which gives the (£1,
£2) deep-level pair, perhaps Asy,. This would
explain the 500-K annealing data® as well as the
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aplantation data of Itoh and Takeuchy,*’ since then
the As’ unmplantation can be seen to dim:nigh the

, La eV hine by reducing the Si,, concentration due

to a suppression of the V, concentration. The
tendency for an Asg, double donor and Si,, acceptor
to pair would be substantial because of their strong
Coulomb attraction. Indeed, the (£1, £2) defect
shows a strong tendency during the 500-K stage

: 1o pair with acceptors, e.g., Cd and Zn.* Thus,
~ we believe that the stoichiometric arguments for
the identification of V,, and its complexes are

weak and at best ambiguous, with alternate ex-

. planations possible which are equally valid. When

we consider additional factors such as the damage-
rate orientation dependences, the optically in-

. duced EPR in related materials, and the expected

quantum-merhanical properties of vacancy-re-
lated states, we see that the donor-V,, model is
most appropriate for the DX center and not the
sharp 1.4 eV luminescence line in GaAs.

V1. CONCLUSIONS

The electron photojonization cross section o2
of DX centers in Te-doped Al Ga, ,As has been
measured as a function of temperature and com.
position by the photocapacitance technique. The
:ine shape and temperature dependence of o (k)
can be consistently fit b, a phonon-broadened
line-shape theory and can imply a considerable
lattice relaxation associated with the capture or
emission of an electron at the defect. The best
fit is for an equilibrium depth £;=0.10£0.05 eV
with a relaxation energy dec =SAw=0.75£0.1 eV,
This s consistent with the large-lattice-relaxation
model for persistent photoconductivity which we
have recerntly proposed. This fact, together with
the evidence discussed in Re{. 1, leaves very little
doubt that such a model correctly describes the
overall qualitative features of the DX centers,
which give rise to persistent-photoconductivity
effects in a number of 11I-V and 11-V1 semicon-
ductors.

In addition to the optical data, we presented
data on the variations of the DLTS signal due to the
DX centers both as a function of Al fraction x and
applied stress. These data locate the composition
range where the occupied DX energy level crosses
the Ferm level in our samples at approximately
0.32- x- 0,35, This, along with estimates of the
posit.on of £, from Hall data on similar samples
in the literature, s in reasonable agreement with
the value of E, determined from the optical fit,

From an analysis of TSCAP and photocapacitance
data we find that the concentration of DX centers
in our samples is large—~about ten times the nor-
ma! net shallow-donor-concentration N, in most

AND A DONOR COMPLEN
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samples, and typically within the range 1~ N, /N,
<30. Thus, since the DX center 1g itself a donor,
it is usually the dominant donor in Te-doped

Al Ga,  As. In Te-doped samples the DX concen-
tration is roughly proportional to the Te concentra-
tion. Doping with Se gives the same effect as Te.
In samples doped with Sn or Si, on the other hand,
a different but closely related type of DX center

is produced, again proportional to the donor
concentration. These observations are strong
evidence that the DX center involves a donor atom,
hence the “N” of DX.

Finally, we have argued that the verification
of the model of Ref. 1 forces us to assume that a
defect state exists which is resonant with the con-
duction band when unoccupied, but which relaxes
to a point nearly 0.8 eV deep in the gap after the
capture of an electron. Thus the defect wave
function must be sufficiently localized, even when
it is a resonance in the continuum states of the
band, to produce a very substantial lattice relaxa-
tion. We believe that the existence of such a state
supports the view, based on recent calculations,
that the localization of a2 deep-level wave function
is not necessarily related to the position of the
corresponding energy level in the forbidden gap.
This is contrary to the picture of defect wave
functions in semiconductors based on the effec-
tive-mass theory.

Based on experience gained from recent compu-
ter calculations of the energies and wave func-~
tions of various native defects and chemical im-
purities in III.V compounds, we believe that the
simplest consistent model for the microstructure
of DX-type defects is a complex involving a donor
and an anion vacancy. For the case of Te-doped
Al Ga,  As which we are studying, this corre-
sponds to Te-V,,. We propose that such 2 model
for the structure of DX centers may be quite valid
in general and can explain the data on persistent
photoconductivity and other effects due to DX cen-
ters in 2 number of II-V and I1-VI semiconduc-
tors.
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LETTER TO THE EDITOR

Fine structure in the cathodoluminescence spectrum from
chromium-doped gallium arsenide

E C Lightowlerst and Claude M Penchina}

+ Wheatstone Physics Laboratory, King’s College, Strand, London WC2R 2LS
t Department of Physics and Astronomy. University of Massachusetts, Amherst, Massa-
chusetts 01003, USA

Received 23 January 1978

Abstract. It has been reported previously that chromium in gallium arsenide gives rise to
two luminescence bands, one centred around 0-80 eV with a no-phonon line at 0-339 eV, the
other centred arcund 0-56eV. High-resolution cathodoluminescence measurements are
reported which show that the line at -839 eV cousists of nine components, and that there
are three no-phonon components at ~0-574 eV associated with the lower energy band.
Temperature dependence measurements show that there is no shift in the transition energies
in the wemperature range 4-25 K and indicate that splitting occurs in both the initial and
final states of the transiions.

A broad luminescence band centred around 0-80eV in chromium-doped gallium
arsenide has been reported by several authors (Turner and Petit 1964, Williams and
Blacknall 1967, Allen 1968, Egiazaryan et al 1970, Gorelenok et al 1971). Peka and
Karkhanin (1972) and Aleksandrova et al (1972) have also observed a band centred
around 0-56 eV which they associate with the presence of chromium. More recent high-
resolution measurements at 42K by Stocker and Schmidt (1976a,b) on Cr-doped
GaAs grown by liquid phase epitaxy (LPE) have shown that the (-80 eV band has a sharp
no-phonon line at 0-83%8 eV. This has beer confirmed by Koschel et al (1976a) who also
report that the 0-R0 ¢V system is always accompanied by the (-56 eV band in Cr-doped
semi-insulating bulk material, but the lower energy band was not detected in the n-type
).PE Jayer which they also investigated. Kosche! ¢t al (1976a, b) have suggested that the
0-56 and 0-80 eV systems may be identified with transitions between the crystal-ficld
split fevels of Cr** and Cr?* ions respectively. located on gailium sites. On the other
hand. Stocker and Schmidt (1976b) consider that the 0-56 eV band is associated with an
internal *E — T, transition at Cr?* whereas the 0-80 eV sysiem may be identified with
a transition from the conduction hand to the Cr?* ground state.

We have studied the luminescence from several samples of GaAs obtained from
different sources. These include a Cr-doped i sample from Stocker and Schmidt, some
O-doped and Cr-doped bulk material from RSRE, and semi-insulating bulk samples
from the Sumitomo Company. The crystals were mounted in indium on the coid finger
of a helium flow cryostat. The luminescence was excited by a 50keV electron beam
focused to ~0-5 mm diameter with a typical beam current of 1-8 pA. A study of the
spectral variation with beam current mdicatec{ that. near 42K, a 1'§ uA beam raises the
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effective temperature of the emitting region by ~ 1 K above that of the cold finger. This
heating effect decreases at higher temperatures as the thermal conductivity of GaAs
increases. The luminescence was dispersed by a Spex 140! monochromator with a 600
groove per mm grating blazed at 16 um, and detected by a cooled PbS cell.

Spectra obtained from the n-type LPE sample of Stocker and Schmidt showed the
presence of the 0-56 eV system, which they did not observe, in addition to the 0-80 eV
system. However, since the penctration of the electron beam is substantially greater
than the 488 nm photoexcitation they employed, we cannot rule out the possibility that
some of the cathodoluminescence originated in the substrate. Bulk samples of O-doped
semi-insulating GaAs from the Sumitomo Company (impurity concentration in atomic
ppm: O, 4-5; Si, 0:S: Cr, 0-2; Fe, 0:03; Cu, 0:02) showed the same spectra) features with
about six times greater intensity, allowing much higher resolution measurements to be
made. It was these samples which were used for all the detaiied studies of fine structure
reported in the Letter. The fact that the Cr spectra were so much more intense in the
O-doped sample than in the intentionally Cr-doped samples was noted with interest. To
test that these spectra are really due to chromium rather than oxygen or some other
impurity, we studied the luminescence of some O-doped and Cr-doped bulk samples
from RSRE. The Cr-doped samples showed the expected juminescence features whereas
the O-doped samples showed very different broad spectra which will be reported

elsewhere.
Wawelength {nm ' air}
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Figure 1. Cathodoluminescence spectrum of the 0-80 ¢V system, uncorrected for the transfer
function of the optical system, cbtained from Sumitomo semi-insulating GaAs with a cold
finger temperature of 483 K and bzam current of 2:0 pA. The temperature of the emitting
region was 60 + 0-5 K. The no-phonon structure is distorted by the slitwidth of the mono-
chromator and the system response time. The main peak at 839-30 meV has a height of
~ 150 on this scale.

Figure 1 shows a relatively low resolution spectrum of the 0-80 eV system obtained
with a cold finger temperature of 48 K (temperature of the emitting region 60 £ 0-5K).
Some fine structure can be seen in the no-phonon region at ~0:839 eV. The broader
structure at the high-energy end of the sideband has been identified with phonon-assisted
transitions involving intrinsic zone boundary and zone centre phonons (Stocker and
Schmidt 1976a, Koschel e al 1976a). The broad hump seen around 750 meV is of about
1ie same strength as reported by Stocker and Schmidt (1976a) for their Cr doped GaAs.
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even though the sample used in our experiments had more oxygen than chromium and
had a photoconductivity spectrum dominated by oxygen (Tyler et al 1977). This casts
some doubt on their suggestion that the hump is ‘possibly due to transitions to the energy
level associated with oxygen.'

Wavelength [nm in air)

1472 1T 1476 1478 1480
] ! I F

T
AEimev)
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2 ety
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;ence ntensity

Luming

Photon energy (meV}

Figure 2. Cathodoluminescence spectra of the 0839 eV no-phonon structure, obtained from
Sumitomo semi-insulating GaAs with cold finger temperatures of: (a) S0 K (b) 103K ; and
(¢} 14-4 K. The beam current was ~ 1-8 A in al! cases and the electron beam heating of the
emitting region <1 K. The monochromator slitwidth was 100 um giving a spectral resolu-
tion of 0-2 rm. The energy level scheme inferred from the temperature dependence of the
refative line strengths is shown as an insert.

Higher resolution spectra of the no-photion structure are shown in figure 2. it can
be seen that there are nine closely spaced no-phonon lines, labelled A-1, some clearly
resolved and some overlapping. The strongest no-phonon line, labelled G in figure 2, is
at 1476¥2 1 0-05nm (839:30 + 0-03 meV) with a linewidth (FWHM) of ~03nm
((-35 nm apparent width with a spectrometer resolution of 0-20 nm) at ~4-2K. The
wavclength of this line is independent of the temperature, within 01 nre accuracy, from
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42 to 25K. The lines broaden with increasing temperature so that above ~25K the
nine lines appear almost as one. A study of the temperature dependence of the strengths
of the various no-phonon lines indicates that lines A-E thermalise with respect to the
main line G. Lines F, H and I, on the other hand, maintain the same strength relative to
G at all temperatures. From these data we deduce the energy level scheme, shown as an
msert in figure 2.
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Figure 3. Cathodoiuminescence spectra of the no-phonon structure near 0573 eV obtained
irem Sumitomoe semi-insulating GaAs with cold finger temperatures of: (a) 77K and (in
21:2 K. The beam currents were (@) 2-3 pA and (b} 1'8 pA, and the monochromator slitwidths

(a0} 500 pm and (M 410 um for a resolution of (e} 1 nmand 1A 08 nm. The energy level scheme
werred fram the temperatere dependence of the relative Pae strengths s shown as an mneert

Figure 3 shows the no-phonon region of the 0-56 eV system and three distinct lines
are observed. At low temperatures there is a main line at 2161-34 + ¢-06 nm (573:49 =
0-02 meV) with two weaker lines at higher energyv. Increasing the temperaturc produces &
relative increase in the strengths of the higher encrgy lines but the thermalisaticn is less
than would be expected if all the splitting were in the initial state of the transition. The

Table 1. Relative transition probabilitics of the lines shawn in ligures | and 2 normahsed to
the stropgest line at low temperature.

Wavelcnpth Photon energy Normalsed transition

Transinon (rm in air) imeV) < 003 probahility

A 14729 + 006 84153 028

B 147423 4+ 005 R40-7R 044

; 1474:67 + 005 840-53 049

D 147513 + 006 R40-25 012
F47586 + 008 839-8S 037

3 147640 » (08 239-54 o

G F4ToRT 2. s 839-30 1o

H 147763 + 006 83884 o0

i 147945 + 008 83781 008

y 2i5146 '+ 014 37612 + G04 21

i3 215582 + 001 57496 :+ 003 10

216134 + 006 57349 + 002 10
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estimated splittings of the initial and final states are shown in the energy level scheme in
figure 3. Note, however, that the final states of the transitions labelled « and g may
really be the same level since the splitting shown is within the uncertainty caused by
signal noise and beam heating. Scatter of the data causes about 0-05 meV uncertainty
and an error of 1 K in sample temperature would cause ~0-13 meV error in the energy
levels.

Extrapolation of the relative line strengths to infinite temperature gives the relative
transition probabilities. These are listed in table ! together with the wavelengths and
photon energies of the various transitions observed.

It is apparent from the data presented here that both the 0-80 ¢V and 0-56 eV lumines-
cence systems may be ascribed to transition between bound states of the chromium
defect. A more detailed understanding requires, as a first priority, a more thorough study
of the role, if any, of oxygen and the effect of conductivity type.

We wish to thank Hans J Stocker and A Michael White for supplying some of the
samples used in this study, and Alan T Collins and Martin O Henry for their aid at
various stages of the experiments. This work was supported in part by the Office of Naval
Research under contract N00014-76-C-0890, and by the Science Research Council and
the University of London Central Research Fund.
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TEMPERATURE DEPENDENCE OF THE FINE STRUCTURE IN THE LUMINESCENCE AND
ABSORPTION SPECTRA OF CHROMIUM-DOPED GALLIUM ARSENIDEY

Edward C. Lightowlers and Martin O. Henry

Physics Department, King's College, Strand, lLondon WC2R 2IS UK
Claude M. Penchina, Department of Physics and Astronomy,
University of Massachusetts, Amherst, Mass. 01003, USA

High resolution luminescence measurements on the 839%meV
no-phonon line in Cr-doped semi-insulating GaAs have
revealed the presence of 13 components. Corresponding
structure has also been found in the absorption spectrum
An energy level scheme and relative transition rates
have been determined from thermalization measurements.
We have reported previously1 that the no-phonon line at
839mev2.3 in.the luminescence spectrum from Cr-doped semi-
insulating (S1) GaAs contains nine components, and a
tentative energy level scheme was proposed based on thermal-
ization measurements. In the present work we report a
higher resolution luminescence study in which thirteen
lines have been identified. We report also the existence
of most of these lines in absorption. A modified energy
level scheme is proposed based on temperature dependence
measurements of both the absorption and emission spectra.

INTENSITY

LUMINE SCENCE

PHOTON ENERGY (meV)

Fig. 1. Cathodoluminescence spectra of SI GaAs:Cr. The ordinate
scales for the two temperatures differ.
The luminescence was excited by 50keV electrons as des-
cribed nrevicuslyl, but a significant gain in signal
strength was obtained by using =amples shaped as Weicr-
strass over-hemispheres4. A path lensth of 50mmr was
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Fig. 2. Absorption coefficient for the 839meV no-phonon system
in SI Gf\.As:Cr(1023m-3), The lines are superimposed on a much
stronger background absorption similar to that cdescribed by Bois
and Pinardo,

employed in the absorption measurements because of the

small transition oscillator strength.

Luminescence spectra obtained at 6.5K and 13.3K are shown

in Fig. 1. The intensities of the lines A' to E increase
relative to G with increasing temperature wnilst the lines
r
absorption spectra obtained at 2.0K and 6.0K are shown in

, H, T and J do not appear to thermalize. Corresponding

Fig., 2. Lines A', C and F decr-

by e e ———
ease relative to G with increasing 70::‘.”'
ok
» ot

temperature, and line E increases.
The thermalirzation of the other "
lines is less clear, The lines

on the low energy side of G,

observed in the luminescence N

R I R e e I

spectrum, could not be detected .

L e e S e iand
in absorption. All of the exper- . Aty
imental measurements are S
summarized in Table 1, Fig. 3. Energy level scheme

based on the data in Table 1.
Line G occurs at 839.37:0.05
meV at 2K.
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Table 1. Energy separations and intensities of lines relative to line G.

Line Spectroscopic energy Thermal activation enerpy(meV)  Relative transition probability

separation (meV) Absorption Layni nescence Absorpt ton Lagni pescence
A +2.85 + 0.02 -0.25 + 0.0¢6 +2.9 1.1 0.24 - .04 0.4
A +2.31 + 0.02 .06« 0.4 +2.01 - 0.1 0.61 - N.1F 0.% < 006
A #2.02 +« Q.08 +2.87 : 0.66 ~0.2
B’ +1.74 + 0.02 -0.07 + 0.06* +1.72 ¢« 0.10 0.26 « 002 0.25 + 0.02
) +1.48 +« 0.0 40,12 ¢« 0.08» +1.00 + 0,14 NnaR - 020 060 « 011
¢ 0 00 -0.19 + 0.04 1,12« 0.06 0.r - N 04 0.4 + 0.03
D T AN +1.44 + 0,17 0.18 « 0.04
E «0.52 « 0n.02 +0.44 + 0.18 *1.06 ¢« (.04 0.45 + 0.16 0.77 » 0.04
F +0.19 + 0,02 ~0.22 - 0.04 Q .06 ¢+ 0.2 0.08 « 0.01
H ~0.46 -+ 0.02 0 0.12 + 0.03
1 -1.82 + 0,01 ol 0.05 + 0.008
J -2.58 + o.2n o] 0.02 « 0,005

* Assumed to be zero for the purpose of figure 3,

The proposed energy level scheme based on the data in
Table 1 is shown in Fig., 3. The transitions indicated
with ftull lines appear to be clearly defined by the
thermalization data. However, experimental! uncertainties,
particularly in the absorption measurements, prevent an
unambiguous assignment of the transitions indicated by
broken lines. It is likely that some of the difficulties
in analysing the absorption spectra arise from unresolved
structure, This is upparent in the higher resolution

transmission spectrum for line C inset in Fig. 2.

Flectrical transport, local mode absorption and mass
spectrosceopic studies by Brorzel et al® indicate that in
the material used in this investigation, the chromium
exists primarily as Cr2* and Ccrlt on gallium sites. These
Awthors alse argue that in strongly n-type material the
chrorminm is entirely present as crl*.  We were unable to
detect the R30meV absorption system in an n-tvpe sample
contarning about tive 1imes the chromium coacentration of
the semi-insulating materinl, and luminescence studies by

instone and Eaves? have shown that *ho strencth ot this

-
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system decreases as the material becomes progressively
n-tyne. This is in agreement with the conelusion of other
investigaters that the 839meV system is associated with
chromium in the Cr2* state. The transitions involved have
variously been ascribed to internal JE - 5T2 transitions
ot Cr?*, or from a band to the Cr2* ground stateZ,3.8,
Howover, the multiplicity of the upper level would appear

to rule out the latter alternative.

The work of Vallin et al? on Cr-doped II-VI compounds has
shown that complex splittings can be expected for the SE
and 5T2 states of Cr2* on a tetrahedral site. The fine
structure in the spectra reported here would suggest an
interpretation in terms of an internal 5g - 5T2 transition
(‘y'?'+

at on a gitllium site in SI GaAs.

Yo arc grateful to D.J.Stirland of the Allen Clark
Rescarch Centre and K.J.Shaw of Mining and Chemical
Products for providing the GaAs used in these investig-
ations and to L.Eaves for discussing his experimental

results prior to publicaticn.

1 Supported in part by the Office of Naval Research under contract
N 00014-76-C-0890, by the Science Research Council, and the
University of London Central Research Fund.
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Study of the main electron trap in Ga,_, In, As alloys
A. Mircea, A. Mitonneau, and J. Hallais
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Transient-capacitance-spectroscopy experiments yielded electron-emission-rate and electron capture cross-
section versus temperature data for the main electron trap in vapor-phase epitaxial Ga,_,In, As layers with
0 ¢ x <02]. The ionization energy E.-E; was obtained from these. Theoretical calculstions using the
pseudopotential method were performed for substitutional oxygen donor in GalnAs, and the calculsted energy
levels were compared with the cxperimental ones. The electron-capture cross sections, as well as optical
photolonization data are also discussed from the theoretical point of view. It 15 argued that most of the
experimental evidence is not consistent with the idea that the observed electron trap is simple (substitutional)

donor oxygen.

1. INTRODUCTION

The deep levels may play an important role in
the operation of specific semiconductor devices,
particularly in optoelectronics. In recent years,
largely due to improvements in the experimental
techniques which tend to become more quantita-
tive, and also due to the development of efficient
tools for theoretical investigation, some progress
has been made towards understanding the elec-
tronic and optical properties of these levels, their
physicochemical origin, and the physical con-
figuration of the corresponding defects.

Mnst of the recent studies deal with [II-V semi-
conductors. in view of their applications in opto-
clectronics. A recent review of the situation in
GuAs and GaP has been prepared by [koma and
w-workers., !

Particle irradiation of semiconductors is a con-
veriont means for creating defects (and therefore
deep tevels) in o eontrolled fashion. A recent re-
view on irradiation defects in III- V semiconductors
s been presentod by Lang.” Equally important,
bt mare difficult 1s the study of the defects which
appear spontaneously in as-grownr materials, since
the means avarlable for controlline the presence
and concentration of these delfects are limited,
since none of the deep levels corresponding to
these “natural” defects have electronic properties
dentical with those of the defects created by ir-
radiation, one may conclude that they are not sim-
ple lattice defects, e.g., anion or cation vacancies
or interstitials; more likely, thev are due to im-
wurities and impurity-tattice defect complexes.

in the case of [II-V semiconductors, one of the
usrful wavs of investigation of the ‘“natural” deep
wvels {s to nlicw the variation of their properties
13 a function of composition in pseudoternary

alloys. The first such tentatives have been ac-
complished by Lang® and Majerfeld® for the system
Ga,. Al  As.

We present here a study of this type, concerning
the system Ga,., In_As and the deep level, aiready
well known for GaAs, labeled electron trap “A” in
our previous publications® or "0 in recent papers
by Lang®; the last label points to the fact that this
deep level may be due to oxygen, either in the sim.
plest configuration of a substitutional atom on
arsenic site, or in an impurity.lattice defect com..
plex. An attempt to discover whether the level can
be identified with the simple substitutional oxygen
impurity has been one of the motivations of this
study. In addition to the new experimental results
which will be presented for the alloys, we have
endeavored to compare the experimental results
with detailed, specific theoretical calculations,
hoping to establish a new tradition and make a
step forward with respect to previous work. In
Sec. I, we briefly discuss the existing evidence
concerning the origin of electron trap A and its
possible relation to oxygen. In Sec. III, we de-
scribe the technigues used in the experimental
study, as well as the experimental results con-
cerning the emission and capture rates for level
A in GalnAs alloys of various compositions. Sec-
tion 1V deals with the theoretical calculations and
their comparison with experiment. Section V is
a summary.

. REVIEW OF THE EXPERIMENTAL EVIDENCE ON
DEEP LEVELS POSSIBLY RELATED TO OXYGEN IN GaAs

The deep electron trap which forms the object
of the present study has been known for a long time
and it seems to be by far the most common of the
unintentionally created deep levels in GaAs, both
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bulk grown and vapor-phase epitaxial (VPE). The
level has been studied most often by two different
techniques in two different types of material,
namely, photoconductivity tn high-resistivity sam.
ples and capacitance transients in p-n junctions,
or Schottky barriers, in low-resistivity ones, For
discussions of previous studies of the second kind
we refer to Lang ef al.® and Mircea et al.?

The tentative attribution of thie level to oxygen
is strongly supported by the investigation of the
high-resistivity bulk-grown material, since the
concentration of the level greatly increases when
the material is deliberately doped with oxygen.”™
The photoionization spectral response data taken on
such samples often reveal™*3° two distinct con-
tributions with threshold energies at 0.75-0.8 eV
and around 1.05 eV. Grimmeiss ¢t al.® have re-
cently shown that the same thresholds are also
observed in p*n junctions on low-resistivity ma-
terial and that they correspond to transitions from
the deep levels into the conduction band.

The question then arises whether both these
levels belong to the same defect center, more gen-
erally, whether they are both related in some
way to the presence of oxygen in the semiconductor.

The concentrations of these deep levels in bulk-
grown material are usually rather high, typically
in the 10*%-cm™ range, so that they are easily ob-
served, but other levels are generally present as
well in this kind of material,”® which renders
the interpretation more difficult. In this respect,
the situation is clearer with epitaxial material.
From our previous photoconductivity and transient
capacitance experience with VPE, GaAs!? and
its comparison with deep level transient spectro-
scopy (DLTS) work by Lang and Logan,® photo-
capacitance work by Bois and Boulou,'? photo-
capacitance and transient-capacitance work by
Sakal and Ikoma.'* as well as with Grimmelss and
Ledebo,® and Lin ef al.,’° we draw the following
conclusions: (i) the two levels referred to above
are also present in undoped VPE matérial, al-
though at much lower concentrations, typically
108.10" em™; (ii) the two levels are independent
from one another. The level with photoioniza-
tion threshold at 1-1.05 eV from E, (and 0.42-0.45
eV from E,) is directly related to copper.®!?
Therefore, the hypothesis of a double level (a
defect with two lonization states) proposed by
Bols!»!* {5 not verified. However, it 18 shown in
Sec. IT B2 below that the “A” electron trap, which
is the level with photoionization threshold at 0.75-
0.8 eV, seems to have at least one of the features
which are characteristic for a defect with two
fonization states.

As further evidence for the fact that the “oxygen”
level in bulk-grown GaAs is indeed the same as
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FIG. 1. Extrinsic photoconductivity in GaAs at 100 K.
Triangles—high-resistivity oxygen-doped bulk (Ref. 9);
crosses and circles—two different low-resistivity (1 @
cm) VPE layers with the substrate etched off (Ref, 11}.

“A” electron trap in high-purity VPE material,
we present in Fig. 1 photoconductivity spectra
measured on thin (10 mm) epilayers with the
substrate removed.!! The two photoionization
curves for two different epilayers are essentially
identical in the range 0.75-1.0 eV and are in agree
ment with the recent data for oxygen-doped bulk.

The threshold at 1-1.05 eV {8 strong only in one k
of the two epilayers, in agreement with statement T
(11) above,

111. EXPERIMENTAL STUDY OF THE 4 ELECTRON TRAP
A. Preparation of semiconductor material and samples

The material was prepared at Laboratories
d’'Electronique et de Physique applique (LE P) by va-
por phase expitaxial growth using the AsCl, process
under hydrogen flow. The substrates were #* doped i
and oriented 3° off (100), The source and sub-
strate temperatures were 800 and 720°C, re-
spectively. Growth rate was 10 um/h. In order
to reduce the effects of lattice mismatch, the In
content was increased in steps.'® The distocation
density in the final, constant composition layer
was inthe 10%.cm™ range.

The epilayers were visually examined, then thelr
composition was determined by using the x-ray
measurement of the lattice parameter. The band




gap was estimated from the infrared absorption
threshold at room temperature in the so-called
“water-droplet” experiment,'” this measurement
being subsequently used as a routine check of alloy
composition. Preliminary electrical characteri-
zation included conductivity type and free-carrier-
concentration profile determinations using a
mercury Schottky barrier.

Without intentional doping, the layers were n
type with electron concentrations of 10'*- 10
cm™, For our study, low electron concentrations
are highly desirable, in order to be able to mea-
sure the electron- capture rates (see Sec. IIIB2
below); however, for compositions with large
indium content it has not been possible to obtain
low doping levels, On the layers chosen for trans-
lent- capacitance experiments, the doping profile
measurements were repeated, with better ac-
curacy. on the permanent Schottky barriers used
n these experiments.

The barriers were circular goid plots with a
diameter of 0.9 mm, obtained by vacuum evapora-
tion through a nickel mask in an oil-free vacuum
setup. No cleaning procedure was applied to the
wafers prior to evaporation, but considerable care
was taken to reduce surface pollution as much as
possible. The Ohmic contact was made by solder-
ing a tin ball on the edge of the sample. The con-
nection to the barrier was realized with a gold
wire fastened with silver paste. A more detailed
description of the sample mounting has been given
in a previous report.'®

in Table I, we summarize the main characteris-
tics of the samples chosen for this study. A range

TARBLE 1. Survey of Ga,_,In As wafers used in this
study.

K n' wd N, €

Wafer n® ! eV wem™  wm)  (cm™h
1 M6 13200 1.2x10™ 10 2xapW

2 0077 1.2685 g0t 20 7x10®

3 009 1245  7.5x10'" 20 10

4 oo 1215 710" 2 4x1o¥

A n.21 1115 1.5xt0"™ 20 gxio®

6 0.24 1.075 2x10M 11 4x10P
1.37 2x10"™ 20 2x10M

GaAs 0

* Composition as deduced from x-ray lattice parameter
measurements.

™ B w@d gap evaluated at room temperature from the
spectral response of a water-droplet harrier on semi-
conducior,

" Free -carrier (electron) concentration at room temp-
oratare; securate to within 207,

“ Thickness of the layer of GalnAs with uniform com-
position.

"eomeenteation of doep electron trap A caleulated
feam the ket of the DLTS peak,
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of indium content from {0-24)% has been explored.
The samples listed in the table had fairly uniform
electron concentration profiles.

B. Transient-capacitance experimments

We have measured the emission rates (from deep
level to conduction band) and the capture rates
(from conduction band to deep level) as a function
of temperature,

1. Emission rates

We have mainly worked with the dynamic, differ-
ential measurement of capacitance transients in-
troduced by Lang!® under the name DLTS. Two
different experimental systems were used. The
first, semiautomatic system based on a Hewlett-
Packard model 89821 calculator has been described
previously’®; it can measure from very small
emission rates (starting at 107 s™ or so) up to
10 5™, The second system, extending the range
from about 10 s™ to 5% 10° s, is an analog one
and is based on the use of a network analyzer
(HP model 8407 A), as capacitance meter witha
signal of 0.1 V applied to the sarmple, and a lock-in
detector (PAR model 128) as filter selecting the
fundamental of the repetitive transient. This last
setup, schematically shown in Fig. 2, is charac.
terized by an excellent signal-to-noise ratio, due
to the efficient use of information and in spite of
the relatively high level of noise coming {rom the
network analyzer.

In Fig. 3, we show the DLTS spectra. taken with

AA

FIG. 2. Schematic drawing of the electronic setup for
transient capacitance spectroscopy at moderately high
emission rates. (1) Sample in cryvostat, (2) digital ther-
mometer CRL 204, (3) pulse generator HP 8015 A, (4)
directional coupler HP /721 A, (5) power splitter, (8)
vf generator HP BROL A, (7) network analyrer HP 8407 A
with display 8412 A, (8} lock-in detector PAR 120, 8}
Y-y recordsr, (10) equara-wave generator,
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FIG. 3. DLTS spectra with a fixed-emisslon-rate win-
dow u3 a function of alloy composition. C is the capacl-
tance of the barrier,

an emission-rate window centered at 7.5 8™: on
samples made from pure GaAs and from alloys 1,
2, 3. and 4. For easier comparison, the spectra
have been redrawn with normalized amplitudes,
while in reality the peaks were of course unequal—
the peak height being proportional to N,/n, where
&V, is the deep-level concentration. In the range of
temperatures investigated (- 190 to +160°C), a
single electron trap peak was observed for each
sample. Also, the peak position monotonously
moves toward lower temperatures as the indium
fraction x increases, which is exactly what one ex-
pects if the same defect is responsible for the
peaks observed in the different samples. From
these observations, and taking into account that the
layers were grown in the same reactor under sim-
ilar conditions, we conclude with a high degree of
credibility that the same defect is observed over
the whole composition range.

The temperature T,,, corresponding to the DLTS
peaks of Fig. 3 are plotted as a function of indium

360

Tuax (K}

L A, A .
0 010 0.2
INDIUM FRACTION X
FIG. 4. Plot of temperatures T, of Fig, 3, cor-
responding Lo an emissgion rate of 7.5 s~! vs Indtum frac-
tion x.
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fraction x in Fig. 4. A parabolic law
T ose® Taea(0) = Tpug(x) ax®

with b=2, a=2000 K, allows one to reproduce the
experimental results quite faithfully; this empirical
fit is also shown in Fig. 4. Still, nonsystematic
differences, significantly larger than the experi-
mental error, exist between the smooth fit and the
data. These differences have probably to do with
two “secondary effects” which we have observed:

(i) Even in the simplest case of the binary semi-
conductor GaAs (x=0), the dependence of emission
rate versus temperature ¢€,(T) is not unique; it can
slightly, but sigunificantly vary from laver to layer,
even if these are of a similar kind (VPE, doping in
the 10'*.cm™ range, relative trap concentration
N,/n much smaller than unity).

(ii) While, in the case of pure-GaAs samples the
emission transients are rigorously exponential,
this is no more true for our alloy samples, in
which more complex transients with several time
constants are obtained.

Since these effects—especially the first one,
which we have already signalled in a previous pub-
lication—may present some intrinsic interest, we
have looked at them in more detail. To illustrate
the first effect, Fig. 5 shows DLTS spectra taken
on five different GaAs layers with all samples
mounted at the same time under identical condi-
tions in the crystal. The reproducibility of the
temperature measurement is within 1°C. Two dif.
ferent positions of the peak may be clearly seen.
Most of the layers (including the one of Fig. 3) be.
have as samples (a), (d), or (e), while (b) and (c)
have a larger emission rate, in spite of the fact
that they are in fact less doped—thus, excluding
the possibility of electric-field-assisted emission.
We stress again that for all these GaAs samples
the emission transient is rigorously exponential.

The temperature difference obtained between the
two groups of GaAs samples is of the same order
as the one measured between GaAs and Ga,_,

In, ,AS (Fig. 3); therefore, one must be careful

FIC. 5. Emission-rate
variations from sample to
sample in GaAs. Doping
levels are (a) 1.5+ 10'
em=?, (b and (¢} 8.10%
em*S, (W and (e) 2.10"
em™’. All samples are VPE
layers. The spectra were
taken with all samples
mounted simultancously and
{dontically in the crvoetat
Roverse hias 5\, emistion
windew 100 et

AC/C (ab uw)
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nt to retyv too heavily on the exact position of ex-
verimental points in Fig. 4,

These small emission-rate variations may be
due to the effect of internal crystal strain,

The second “secondary effect’” (nonexponential
»mission transients) has heen observed to date
only on the ternary samples. To look at this as-
pect more carefully. we perivrined accurate mea-
surements al a fixed lemperature, using the calcu-
Lator system as transient averager in order to im-
vrove the signal-to-noise ratio. Typical observa-
tions are shown in Figs. 6 and 7. In Fig. 6, we
plot in hinear scales the transients observed at
27 C tor GuAs and for layer #1 (¥=0.5). In the
second case, the nonexponential variation is easily
=R,

In tue 7, we show semilopanithmic plots for
three transients. Generally it appears feasible to
Aesertbe the experpuental curve as a sum of two
Srothree pure exponentials, However, we have not
heen able (o determine a regular variation of each
tine constant as a function of temperature, which
would huve conferred a physical meaning to this
decomposition,

This completes the description of the secondary
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F1G. 8. Arrhenius plots of experimental emtission
rates of electron trap A v8 temperature. (a) GaAs,
standard; (b) ternary= 1 (x =0,046), (¢) GaAs, high~
emlssion-rate layer (see text); (d) ternary = 2 (x =0.077);
(e} ternary » 4 (v =0,14); (f) ternary #5 (x =0.21).

effects which loaded our investigation. In spite of
these difficulties, {rom the DLTS data taken with
different emission-rate windows it has been possi-
ble to obtain straight-line plots of e,/ T3=(1,'T),
characteristic for the deep electron trap 4 in al-
loys of increasing indium fraction. These are
shown in Fig. 8. According to the discussion
above, curve (b) for the ternary with weak indium
content, falls within the range of uncertainty ob-
served for pure GaAs. It would then he pointless
to seek for better accuracy in the position of curve
(v).

The activation energies E, . associated with the
plots o! Fig. 8 are marked in this {igure. They
remain more or less constant for indium fractions
lower than 8%, then start decreasing. It is known
that these activation energies are related to the
energetical difference between the conduction band
and the deep level, E;c=E.~ E,. However, as
discussed by Henry and Lang a correction £, due
to the variation of capture cross section versus
temperature must be applied:

Ep o=Ej c+E,. (1)

Therefore. before comparing the experimental re-
sults to the theoretical predictions concorning Epq.
it is necessary to measure the capture cross sec.
tions and detect possible variations ot £, a8 a
function of +.
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2 Electron-capture rates and crom sections

The capture cross sections were obtained using
either dynamic or static measurements of the cap-
ture rates. '

-The dynamic method consists of sweeping across
the DLTS peak with different durations of the re-
filling pulse, their plotting the peak amplitude ver-
sus pulse duration. This method can only be used
within a limited temperature range where the
emission rate i{s not too small so that a DLTS peak
is obtained in a reasonable time.

At lower temperatures, the capture rate may be
obtained by the static method, provided that the
deep level under study is the only one present—
which has been shown above to be the case for our
samples, Fig. 3—and provided that the trap con-
centration is sufficient so that the corresponding
AC is well above the noise level. In the static
measurement, one empties the trap by heating the
sample under reverse bias, then one cools it down
to the desired temperature; when this is reached
a succession of refilling pulses of equal duration
is applied and a capacitance reading is taken after
each pulse.

Irrespective of the measuring method, {f N, «<n
one expects the capacitance variations to follow
an exponential dependence on refilling time. We
have found, however, that the variations we ob-
served were more complex, even in the case of
pure GaAs as shown in Fig. 9. The reason for
this behavior is not clear. We indicate in Fig. 9
that the experimental curves can be described as
sums of two pure exponentials with approximately
equal amplitudes. This of course suggests the
successive capture of two electrons. Although
this hypothesis should not be ignored, for the
needs of the present study we have decided to cir-
cumvent the difficulty simply by taking, as a mea-
sure of the refilling time constant, the duration
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FIG. 10. Capture cross section vs inverse temperature
for electron trap A in Ga,_ In As,

necessary for reducing the capacitance variation
to 1/e of its initial value. The reasons for this
are: (i) the ratio between the two time constants
in Fig. 9 is not very large; (ii) this ratio does not
seem to vary with temperature; (iii) as shown
above, the emptying process is strictly exponen-
tial, at least in pure GaAs, tending to discourage
the idea of a two eleotron trap. We have been able
to obtain capture cross-sections o, for GaAs and
for three alloy compositions— samples #51, 55,
and 62 of Table 1. When calculating g, from the
capture rates, we have neglected the weak varia-
tion of electron effective mass versus x, using in
all cases the same expression of the thermal ve.
locity 2,

vyy(cm/8)=2.6x 10° TV/2(x) . 2)

The 0,(7) results are gathered in Fig. 10. For
comparison, we have reproduced in this same
figure the curve found by Lang and Heary® for
GaAs. In view of the above discussed difficulties,
the agreement seems satisfactory. In particular,
the slope (activation energy E,) of 0.08 eV ia the
same for the two series of experiments on GaAs.
The change induced in the capture cross sections
by the increase of indium fraction x is remarkable.
Up to x=0.14, o, decreases by a large factor. For
the sample with x=0,077, the activation energy E,
is stil! essentially the same as in GaAs, but for
the sample x=0.14 it has decreased significantly,
s0 that the two curves cross at low temperatures.
inally the (unfortunately very limited) data that
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we have been able to get for x=0.21 seem to indi-
cate that v, increases again, but this point may
need further verification.

C. lonization energies

From the above data on emission activation en-
ergy E ., Fig. 8, and capture cross-section acti-
vation energy E,, Fig. 10, we calculate the ion-
ization energy E,. of deep electron trap A as a
function of indium fraction x, according to Eq. (1).
The result is presented graphically in Fig. 11,
where we plot both the band gap E, (as from Table
) and E, - E,. vs x. As suggested by the arrow
pointing upwards. the point at x=0.21 is probably
an inferior limit, since E, could not be reliably
estimated in this case, so that we have simply
taken E,. ~F ...

The simplest smooth-curve approximations to
the data, both for the conduction band and the deep
level, are straight lines. From x=0 to x=0.20,
the band gap varies by 18%, while E, - E, varies
by only 9% that is to say, as x increases the deep
level tends to come nearer to the conduction band.

This completes the description of experimental
work. In Sec, IV, the results will be compared
with theoretical predictions.

IV. CALCULATIONS OF DEEP-LEVEL STATES

A. Energy level of oxygen in GaAs

In previously reported®* deep-level caleulations,
we have found an ionization energy of 0.78 eV for
GaAs:0, in gond agreement with the experimental
data discussed in Sec. 11 above. Clearly the re-
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sults reported here for Ga,. JnAs give us an op-
portunity to put the above hypothesis to a test; if
the close agreement between the activation energy
for trap A and the calculation for GaAs:O is not
mere coincidence, then a similar agreement must
extist in Ga,.,InA8. Although this calculation can-
not prove that trap 4 is due to oxygen (or any other
chemical impurity), a disagreement between the
calculated and observed activation energies in
Ga,.In As might be a strong indication that the
trap i8 not simple substitutional donor oxygen.

The details of pseudopotential calculations of
impurity levels associated with deep traps in GaP
and GaAs have been described in our previous
publications?+ 3 and will not be repeated here.
The essence of the method consists of writing the
impurity wave function ¥ as an expansion in terme
of the unperturbed Bloch functions of the host
crystal, 8, ;. Heren, k indicate the band and re-
duced wave vector, respectively. The one-elec-
tron Schrddinger equation, L.e.,

Hy+h)y=€d (3)
with
v= 2 A, e8ni @
ny, £

is then solved numerically. The functions 8, ¢ are
obtained from a loca! empirical pseudopotential
band- structure calculation.?® Here h is the im-
purity pseudopotential which in this particular
case is just the difference between the self-con-
sistent (screened) pseudopotentiais of oxygen and
arsenic. The expansion in (4) requires ten bands
and several thousand sampling points in the re.
duced zone to converge.

When we come to consider oxygen in Ga,.In As

E Ga, , InAs: 0
b E(gap}
x € (oxygen)
§ T T——
w

0.0 02 . 04 X
INDIUM FRACTYON
FIG. 12. Calculated ground-state energy of a single

donor oxygen in Ga,_, In,As. The position in the direoct
gep {8 shown,
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for x 0, we malntain our sampling procedure and
the potential h unchanged. The band-structure
parameters, L.e., the functions 8¢ and energies
E,,l; are obtained as before, i.e., by solving

”dsn.!'sn.‘sn.i' (5)

The crystal potential H, for the alloy is set up
according to the virtual-crystal approximation.
This involves simple linear interpolation of the
lattice constant and the pseudopotential form fac-
tors between GaAs and InAs values. The calcula-
tions were performed for x=0.0, 0.1, 0.2, and

0.5 and the results are shown in Fig. 12. This
figure shows both the calculated direct band gap
and the impurity-ground-state energy as a function
of the indium concentration x.

B. Comparison of theory with experiment

Comparison of the calculated (Fig. 12) activation
energies with the experimental ones in Fig. 11 Is
not favorable enough and can hardly support our
hypothesis that the trap is O donor at the As site.
We must now closely examine our results in the
light of all existing experimental information, for
there may be evidence which might contradict our
conclusions about the activation energy or some
consequences of such a conclusion. However, be-
fore we do so we must critically assess the caleu.
lation itself.

As we have pointed out earlier,”* the absolute
position of an impurity level in the forbidden band
gap is very difficult to calculate accurately. This
is because the impurity-ground-state energy
arises as a result of cancellations which take place
when contributions coming from different parts of
the wave-vector space are added up. Convergence
properties of such a system are difficult and tedi-
ous to study. Furthermore, our calculation is not
self-consistent in the usual sense and the reliabil-
ity of the potential & depends to some extent on the
validity of linear screening approximation. The
close agreement of our theory with experiment as
far as GaP:O is concerned must be at least to some
degree fortuitous. In GaAs, the precision with
which we can position a deep donor level can only
be lower. The density of states near I', (conduc-
tion band) is very low and our sampling procedure
does not really represent this part of the band
structure very well. Fortunately, the ground-
state wave function spreads over a large area in
k space® and such parts as T affect the ground
state only very little. Positions of deep levels in
the gap merely reflect a change in those parts of
the band structure where the density of states is
high. This argument which is not difficuit to ac-
cept on intustive grounds. has been well supported

. ' .
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by all our calculations. Finally, the details of the
band structure are not well described by the local
empirical pseudopotential employed here. For in.
stance, some very recent experiments® show that
the secondary conduction-band minimum at X, is
above that at L, (0.475 and 0.285 eV above the
bottom of the conduction band of GaAs, respective-
ly). Since we really calculated the impurity ener-
gy with respect to the lowest conduction-band val-
ley with large density of states more accurately
than with reapect to I';, all impurity energies
shown in Fig. 12 should be reduced by about §0
meV. We do not belleve that such corrections are
of importance here since (a) they only represent
a systematic error, and (b) this error is smaller
than the expected (systematic) error due to sam.
pling and impurity potential which amounts to at
least 0.1 eV.

We shall now concern ourselves with the relative
changes in the ground-state energy. In Fig. 13,
we can see the changes in the positions of the sec-
ondary minima at X, and L, as a function of x. A
glance at Figs. 12 and 13 shows that—as expected—
E (oxygen) does not follow the band edge but seems
to “follow” the valence band. What really happens
is that this level which is primarily associated
with the condyction band®! simply is not very sen-
sitive to the low density of states area near TI',.

Of course, as x increases, the interaction with
the T', valley should slowly increase in importance
since I', comes closer to the level in the gap.

There i8 some uncertainty as far as the positions
of X, and L, with respect to I, in InAs are con-
cerned. Cbviously, the relative change in the po-
sition of the deep level with x does depend on the
change at X, and L,. Hence, our predictions con-
cerning the relative change in E(oxygen) also con-
tain some uncertainty. However, the main result
of our caiculation, namely, that E(oxygen) does
not follow either X,, L,. or I', and that E, - E(oxy-
gen) = (const) for ¥=0.0-0.2 (i.e., the range in
which the experiment was performed), can hardly
be altered by the above consideration significantly
enough to render comparison with the experiment
impossible. On the other hand, it may be argued

FIG. 13. Posltion of the
4 conduction-band minima
with reapect to the top of
the valence band in

Gay,, In, A% from g simple
virtual-crystal modet em
ploved tn thia caleulation

ENERGY E-Ey
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that the above behavior of E(oxygen) is not neces-
sarily peculiar to oxygen. All deep states of this
symmetry, dominated by short-range potentials,
should be expected to follow such a trend, and it
may well be beyond the sensitivity of our impurity
calculation to distinguish one from another if only
a small range of concentrations is studied. Recent
work by Lang ¢f al. on Ga,.,ALLAs (Ref. 3) does
confirm that the changes in trap energies with con-
centration x may indeed be small compared to the
magnitude of the change of the direct gap. How-
ever, they also found that some levels of different
depth exhibited a very similar change with alloy
concentration.

In our calculation, we represent the crystal po-
tential by an average potential obtained from a lin-
ear interpolation procedure. The samples used in
the present experiment do not show any bowing in
the band gap versus indium fraction variation. It
has been pointed out® that in a high-quality
Ga,..In As alloy. the howing should indeed be neg-
hirible. The observed direct gap agrees well with
the values caleulated with our simple virtual-crys-
tal model. Although this does not necessarily
mean that there is no local disorder in the impurity
cell, our calculations ignore any such correction.
If the center is really the simple oxygen donor then
such a correction should not be very important.
Our studies®' on the substitutional single donor
oxvgen in GaP certainly indicated that the ground
state is s-like and insensitive to small asymmetric
fields. An axial complex, on the other hand, may
respond sharply®® to small changes in the local en-
vironment which may be a function of the concen-
tration 1. Since several of the deep traps observed
bv Lang e! al.? do not follow the trend predicted by
our calculation for a symmetric center, our re-
sult might be taken as an indication that those cen-
ters are of lower symmetry.

As concerns our trap A, the observed variation
in the impurity energy K = E(x) with respect to the
valence band. is too fast to be consistent with our
simple model (i.e., substitutional single donor
oxygen), as can be seen from Figs. (1 and 12,

I
C. Discussion of the photuionization data

The photoionization spectrum of O-doped GaAs
was shown in Fig. 1, and in Sec. 11 above, we
argued that only the threshold in the middle of the
gap, i.e.. electron trap A, should be related to
nxygen, the upturn above 1 eV being mainly a con-
tribution from another level, with possibly some
rontribution due to the rise in the density of states
m the oAy conduction band®” (Fig. 14). It is un-
fortunate that the presence of the second level
roanks this last contribution. since the exact

"lf‘-n’

DENSITY OF STATES

FIG. 14, Rough graph indicating the density of states
near the bottom of the conduction band of GaAs.

knowledge of this part of the “oxygen’ spectrum
would greatly help the comparison with theory.

At this point a comment on the problem of inter-
pretation of this kind of data may be in order. It
is remarkable that in spite of great importance
generally attached to experimental information
concerning optical cross sections for deep levels,
the theoretical aspects of the problem have been
largely neglected. Nevertheless, it has been
shown?®’ that simple extensions?® of the well- known
effective-mass theory do not apply in many cases.
The experimental work of White ¢/ al.?® confirms
these theoretical considerations. In brief, there
are at least three important points that must be
taken into consideration:

(i) The wave function spreads over a large area
in the wave-vector space and the optical matrix
elements are significantly altered, if this fact is
taken into account.

(ii) The details of such a process are particular-
ly important in direct-gap materials where not
only the position of the maximum of the frequency-
dependent cross section, but also its shape near
the threshold are affected.?” Because of the low
density of states at the conduction-band edge, the
true threshold of the cross section associated with
a particular level may be obscured by a combina-
tion of the above-mentioned effects and tempera-
ture-dependent phonon broadening.

(iii) Finally, one may expect a Franck-Condon
shift of the order of 0.1 eV.

Our calculations showed that oxygen donor in
GaAs is basically of similar nature as that in GaP.
1t is borne in mind that if such a center really
exists, then it is capable of binding two electrons

as well as its analog as in GaP.?' We did not carry .

out a full-length analysis of the two-electron prob-
lem in GaAs, as we had done for GaP, and are not
able to oifer a numerical result {for the Franck-

Condon shift and the equilibrium energy of the twos -

electron state. However. as far as calculations
are concerned. the degree of gimilarity between
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GaP:0 and GaAs:O is so great that a rough predic-
tion can be made without going through the tedlous
and imperfect process of the numerical procedure.

' Thus for GaAs:O we might expect ES~ 0.8 and
E}~1.0 eV (ES and E} are energtes per electron in

Lgn the two-electron state before and after the lattice

. relaxation takes place, respectively). The pres-
P ence of a two-electron state may affect the ob-

served optical spectra and it would be worth in-
vestigating whether the above mentioned two-elec-
tron state exists in Ga,. InAs.

L D. Discussion of the electron-capture cross sections
inGa, ,In As

In Sec. III, we described our results concerning
the electron-capture cross sections and their tem-
perature dependence in Ga,.In,As. The main fea-
tures of the temperature dependence of the cross
section can be understood®® with the help of a sim-
ple diagram in Fig. 15. The temperature depen-
dence is dominated by an exponential factor
exp(~E,/kT). In GaAs, E, for the level A is 80
meV, The exponential dependence is clearly seen
in both Lang’s and our data. In the alloy, the ex-
ponential behavior persista over a similar range
of temperatures (Fig. 10). However, the barrier
energy E, changes when x is larger than 0.10.
Hence, there are two important questions to ask:
(1) How do we explain this variation of E,v h x?
(i1) Is it consistent with cur hypothesis ab-  the
origin of the trap? However, the very fact that
this capture mechanism is so important in Ga,_.-
In,As raises a question. The properties of the gin-
gle donor oxygen in GaP have been studied experi-
mentally by many authors. Yet we do not know of
any report suggesting that the nonradiative capture
mechanism—which is characterized by the expo-
nential temperature dependence—is important for
GaP:0. Only when a second electron is captured
at that center do we observe the above-mentioned
behavior. Why should a single donor oxygen in
GaAs be so different from that in GaP? The im-
purity potentials, the wave functions, and theacti-
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FIG. 15. Configuration coordinate diagram {llustrating
a captu-c proeess of a carrler from the conduction band
intn a deep level of encrgy E,. S s the Franck-Condon
shift expressed in units of lattice vibratlon.

vation energies are very similar. The symmetry
is the same in both cases. In brief, we can see no
simple reason why a single donor oxygen in GaAs
should exhibit the observed capture cross section,
Of course, in the absence of a truly quantitative
description of the nonradiative capture mechanism
which would relate the values of £, to the band-
structure and impurity parameters, no definite
conclusion can be made about the plausibility of
our hypothesis, We feel, however, that the above
contradiction perhaps gives the strongest hint that
the trap A is of more complex nature.

Clearly the variation of E, with x can only be
explained in terms of the simple model pictured
in Fig. 15 if we assume that the force constants in
the impurity cell change with x. In view of the
magnitude of the change in E,, such a correction
might be significant enough to affect the impurity
energy not only via the band structure, but also
via the impurity potential itself. It would also be
interesting to know whether the results obtained
in this study are peculiar to trap “A” or whether
the barrier changes in a similar way for other
deep traps, since it may well be that E, is very
sensitive to a small change in the force constants.
The change in E, with x—if E, is indeed due to the
same trap for all concentrations—amplifies our
earlier conclusion that the trap A may possess
lower symmetry.

V. SUMMARY

Transient-capacitance spectroscopy was applied
to the study of the main electron trap A in vapor-
phase epitaxial Ga,_In A8 alloys with 0<x<0.21.
Emissgion rate versus iemperature and electron-
capture cross section versus temperature data
were obtained as a function of x. From these re.
sults, the ionization energy E, - E, was determined
as a function of x.

The experimental evidence relating this electron
trap to the presence of oxygen was discussed, and
new photoconductivity data taken directly on GaAs
vapor-phase epitaxial layers with the substrate
removed were presented to show the identity be-
tween this trap and the deep level observed in oxy.
gen-doped bulk-grown material.

Theoretical calculations using the pseudopotential
method were performed concerning the energy lev-
el of oxygen, substitutional on As site, in GalnAs
alloys. Due to a combination of contributions from
the T" and the L (or X) minima in the conduction
band, which vary in a different way as a function
of x, the deep level tends to remain at 2 more or
less constant energy difference with respect to
E,. This conclusion is not in good quantitative
agreement with the experimental resulta. How-
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ever, this argument alone does not allow to reject
the hypothesis that the trap A ia due to substitu-
tional donor oxygen. .

The experimental electron.capture cross. sec-
tions in GalnAs show an exponential variation with
inverse temperature, typical for the muitiphonon
emission capture mechanism. The cross sections
decreane \n magnitude as x increases, at least up
to ¥=0.13, and a variation of the activation ener-
wy K, I8 also observed above x= 0,10. These rath.
er remarkable reaults are discussed from the the-
oretical point of view; it is pointed out that, at
least at the present state of knowledge, the multi-
phonon emission mechanism should not apply to
single donor oxygen, Moreover, since the s-like
wave function associated with the ground state of

€
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this defedt should not be sensitive to small changes
{n the looal environment due to alloying, the aeti-
vation energy should not vary with composition as
observed in our sxperiments. Therefore, we must
conclude that the existing experimental evidence
concerning this trap does not support the hypothe.
sis that the trap is substitutional single donor
oxygen.
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Optical modulation study of proton-bombarded GaAs*

: ”’
i Moshe Oren?, A R Quinton and Claude M Penchina

Department of Physics and Astronomy, University ol Massachusetts, Amherst,
Massachusetos 01002, USA

Transverse electroretlectance (1:R), transverse electroabsorption (Fa), and transmittance
(1) measurements were used to study the effect of proton bombardment on semi-
wsulating. Cr-doped hulk single<crystal GaAs. The samples were bombarded with
150 KeV protons. and water cooled durning bumbardment. Measurements were made at
liquid-nitrogen temperature. The main experimental results are summarized as follows.

All signals decrease with increasing proton dose, including #r. kA and 1 near the
fundamental absorption edge # . as wel as rr at the £ critical point. Of these. ¥R at
the £, critical point decreases most rapidly: the decrease is nearly linear in the Jogarithm
of the proton dose between 10" and 10" protons:em?, with the sianal falling below the
detection limit (AR/R ~ 107") for doses above 2-5 » 10 protons‘em?.

The optical absorption coefficient near /7, increases sublinearly with dose, levelling
of? for doses above 10" protonsiom?’,

Broadening is evident for 1 r at £y and /. but not sufficient to account tor the
decrease in peak-to-peak signal strength. The v« signal decreases feast in amplitude. and
develops a tail on the low-energy side.

i Supported in part by the National Science U oundaton, The (ffice of Naval Research, und o
Facutty Resvarch Grant from the Universty of Mascchuse: s

t Present address: Simulation Phvsicos Inc, Patnots Padc 1.0 Box D Bedford.

Massachusetts 11730, USA

Poster papers §1s

All electramadulation spectra shitt m encrgy as a result of bombardment. At a dosc
of S+ 10" protons;em®, the ¥ v and 1 lines at £,.shi't to higher energies hy ahout
AmeV.owhile the mam ok peah 207, on the othe: fand, shifts about 1S mt.'V (o lowet
cm'rg_\‘

Amnealing at 3007C for up to 2 h only partiadly recovers the unbhombarded spectra.
The recovery rate decreases with gnnealoig tine.

Phe e and 1 spectrad Tines are assooated witl catical points in the hand structuye.
which i turp are a manitestation of the lonp range order in the crystal. The decrease
of clectromodulation signals upon suceessive bozahardment would therefore indicate a
decrease 1 the long-range order until tota! amorphization is achieved, when the 11 and
kA signals completely viamsh at s dose of about 10" protons/cm?. The tail in the 1:a
spectiun caused by bombardment supgests the creation of a tail in the yoint density of
states of the conduction and valence hands.
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Effect of Proton Damage on Optical Modulation Spectra
of Gallium Arsenide

Moshe Oren,! A, R. Quinton, and Cloude M. Penchina

Department of Physics and Astronomy, University of Massachusetts, Amherst, Massachusetts 01003
ABSTRACT

We studied the effect of proton bombardment on the electroreflectance

(ER), electroabsorption (EA), and trensmission (T) tra of high re-

sistivity Cr-doped single crystal GaAs. The high resolution of ER and EA

and their sensitivity to crystalline order make it possible to study shift,

broadening, and gradual distortion of the spectral peaks as disorder in~

creases with successive irradiations. The sample is bombarded with 150 keV

protons. We have measured ER and EA at the absorption edge E,, ER at
the E, critical point, and d-c optical absorption. All these measurements are
sensitive to proton irradiation of the sample; the most sensitive one is
ER at E,. In the range of 3 X 104 to § X 10'* protons/cm?3, optical absorption
just below the energy %;RK increases sublinearly with proton dose; the peak-
to-peak amplitudes of at E, and E; vary linearly with the logarithm of
the dose and hence can be used to measure the degree of damage in the sam-
ple. The EA signal at E, develops & tail toward the low energy side of the
spectrum. The ER at E, has a k shift of ~4 meV to higher energy while
the peak of the ER signal at %) shifts by about 15 meV to lower en A
Broadening is evident in the ER signals at E, and E,. Annealing at 300°C for
up to 2 hr only partially recovers the unbombarded state. A model based on

the gradual amorphization of the sat\gxple by an increasing number of pro-

ton damaged, amorphous islands wi
explain the experimental results.

Lattice damage in single crystals plays a major role
in device applications. Lattice damage caused by ion
implantation received special attention in recent years
foliowing the introduction of ion implantation as a
method for doping semiconductor materials. There are
several experimental techniques that can be applied
to study radiation damage in semiconductors, among
others: optical (1), electrical (2), Rutherford back
scattering (3), and electron paramagnetic reschance
(4).

The optical absorption and reflection of GaAs were
found to be sensitive to ion bombardment damage but
the sensitivity of such measurements (reflectivity in

particular) is low, and quantitative results are difficult

to obtain.

In the present work we use electromodulation (EM)
spectroscopy to study the effect of proton bombard.
ment on single crystal, semi-insulating GaAs. In elec~
tromodulation one measures the change in reflectance
(AR) or transmittance (AT) when an external electiric
fleld is applied to the sample (5). The EM response is
spectrally concentrated around the critical points in
the band structure. A phase sensitive detection system
tuned to the frequency and phase of the external field
greatly enhances the sensitivity of the measurement’
to critical points in the spectrum. These critical points
are a manifestation of the long range order iri the crys-
tal; a change in the EM signal on s'ccessive bombard-
“‘7;rmn‘ sddress: Spire Corporation, Bedford, Massachusetts

Key words: slectrorefiectance, sleciroabsorption, GaAsCr, amor
phous GaAs, ion implantation.

well-defined boundaries can

ment would indicate, therefore, the gradual relaxation
in this long range order. This relation allows a semi-
quantitative measure of lattice damage to be made,
EM has been applied to date primarily to problems
of intrinsic band-structure analysis (3), but as a pow-
erful spectroscopic method it is now finding new areas
of applications. Jonath et al., (8) studied electroabsorp-
tion (EA) of oxygen impurities in GaAs. Bauer (7)
used EA to study the symmetry properties of defect
states in nitrogen-doped GaP and their interaction
with the host band structure., Gavrilenko et ai. studied
the influence of low energy argon jom bombardment
on the electroreflectance (ER) and photoluminescence
spectra of n-type Al.Ga,.-,As solid solution (8) and
Si (9). Anderson et al, (10) used ER to detect shallow
impurity levels in GaAs doped with Si, Te, Zn, or Cd
impurities. A disadvantage of this method is that dif-
ferent types of lattice damage cannot be distinguished.

Experimentol
High resistivity, n-type GaAs:Cr single crystal was
used in this experiment. The sample had ~100 g-cm
room temperature resistivity. For radiation damage
experiments it is preferable to have the sample front
surface free of any evaporated electrode or insulating

" layer. For that reason, the sample geometry used in the

ER and the BA measurements is based on the trans-
verse configuration (11). Slices were cut from the GaAs
crystal, lspped, polished with 0.3« alumina powder,
and then etch polishad with Monsanto Syton solution.

- Har contacts, two Au flims were evaporated on the
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polished sample surface forming a gap 1 mm wld.,}m

ingert in Fig. 1). The current voltage characteristion -
up to 900V show good ohmic behavior. The light beam
was incident in the [111] crystal direction. The magni~
tude of the ER signal is a function of surface potential.

Therefore, it varies from sample to sample due to alight .

changes in surface preparation, which may alter con-
sidersbly the surface potential. To avoid this complex-
ity, only half of the gap between the field electrodes
was bombarded and the other half was used as a ref-
erence for all successive measurements. The gap height
is more than twice the height of the incident light heam
in order that the light will not overlap the bombarded
and nonbombarded regions.

The system used for the ER and EA measurement is
shown in Fig. 1. It includes the following components:
250W tungsten halogen lamp, monochromator, optics,
dewars, and detectors. All measurements were made at
LN; temperature. Two photomultipliers (PM) were
permanently mounted in the sample chamber, 1P28
PM to measure ER at E, critical point and 7102 PM
for ER at the E, critical point. A removable front sur-
face aluminum mirror directs the reflected beam
into the PM in use. A PbS detector was used for the
EA and transm ssion measurements. The two PM's
were wired suck that higher voltage was impressed
between the last dynode and the anode than on the
intermediate stage of the voltage divider. This allows
greater linear swing of the anode voltage, which is
desirable when a small a-c signal, surerimposed on a
large d-c signal, is to be measured. The voltage sp-
plied to the sample was 1 kHz, 2000V peak-to-pesk
sine wave superimposed on 1000V d-c. For the ER
measurement a d-¢ photon flux was used, a lock-in
amplifier measured the a-c signal (I, - AR) and an
electrometer measured the d-c reflection (I, - R). For
the transmission (T) and EA measurements the inci-
dent light beam was chopped at 147 Hz; two lock-in
amplifiers tuned at 1 kHz and 147 Hz measured the AT
and T signal, respectively.

Sample bombardment was done with a 150 keV pro-
ton beam. The sample was mounted on a water
holder. An in-line cold trap was used to remove ofl
vapor that may otherwise be carried along with the
proton beam to contaminate the sample surface. In
addition when a high dose was used ( 2 5 x 1018
p/cm?), a thin carbon film (-. 20 ym) was ingerted in
front of the sample, to further prevent posgible oil
contamination.

Isothermal annealing of the sample was done.at
300°C in an oil-free vacuum system (~35 x 10~7 Torr).

Results
Transmission.—The sample transmission in the range
of the fundamental absorption edge was measured at
LN; temperature for various bombardment doses. In
order to determine more conveniently the effect of
proton damage on the sample transmission, the ratio
of the transmitted intensity from the bombarded (T%)

T

1

and nonbombarded (T,) regions was determined at
one wavelength. Such a graph is shewn in Fig. 2 (-
sert). Taking into account refiection losses, R, from
the sample front and beck surfaces, one can write

To = (1 = R)2exp(— audy) 1l

a; and d, are the sample absorption coefiicient and
thickness, respectively (multiple internal reflections
are neglected). The transmission through the bom-
barded region is

To= (1 —R)(1 —R) exp(— agdy — mdy) [3]

where R’ is the reflectivity coefficient from the fromt
surface of the bombarded region, e is the average
value of the change in absorption coefficient over the
bombarded layer thickness d,. Measurement of I,-R
(when R is the reflectivity and [, is the incident inten-
gity) in the vicinity of the absorption edge shows s
change of less than 5% due to proton bombardment.
Similarly, Kalma (12) found no change in reflectivity
in the vicinity of the absorption edge of GaAs follow-
ing a 1 MeV electron irradiation; Sell and MacRee
(1b), found a change of ~ 3% in reflectivity at 2.5 oV
in argon-implanted GaAs. We assume therefore R ~ R,

Then
In(To/To) = ants 3}

oy can be related to the number, N, of the optically
active defects produced in the bombarded layer (13)

ay = Ney 1)

where o, is the cross section for optical absorption by
these defects. The best straight line fit to the data in
the log-log plot of Fig. 2 (insert) provides the relation

To/Ty = yob [3a)

with In y = —16.9 and p = 0.48. Therefore, from Rq.
(8], [3a), and [4]
O

doNer =dpey =lny + Alne

The production rate of defects is sublinear in dose. This
is due to damaged regions overlapping and possible

‘room temperature annealing (14, 15).

It we approximate the damaged layer thickness, dy,
by the projected range (18) (~ 1.5x) of the proton
beam, the wavelength dependence of the added ab-
sorption due to bommbardment can be expressed using
EQq. [3). Such a graph is presented in Fig. 2. The fea~
tureless increase in absorption indicates that the bom-
bardirent generates a continuous distribution of en-
ergy levels right below the bandgap with no evidence
of discrete levels in this range. Xalma (12) studied

electron irradiated GaAs, Si, Ge, InSb, and PbTe and '.,'-'_Z-'
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suggested that increased

absorption .
obeerved in GaAs can be attributed to talling of th

density of states into the bandgap. Note that the r:a
of oy (= 10% cm—1) is about two orders of magnl

higher than the absorption coefficient obeserved in neu-. .

tron damaged GaAs (17).
Theoretical Model

A simple picture of gradual amorphization of the '

sample by the incident radiation was used by s num-.

ber of workers (3, 18) to describe the process in which .

long-range order in the bombarded layer is destroyed.
In such a picture each incident proton produces a.
highly disordered region along its track in the sample.
Assuming these regions have well-defined boundaries,
at ]ow dose they are separated from each other except
for random overlapping. As the dose increases the
overlapping increases until a completely amorphous
layer is formed. The added absorption coeflicient in

this picture will be due to the introduction of

amorphous islands with higher absorption
A
= — (ag ~ ag) 0]
o A as

where A is the area of the amorphous regions, 4, is
the total sample area exposed to the beam, and sub-
scripts a, b, and ¢ correspond to amorphous, bom-
barded, and crystalline, respectively.

Based on this description we can define a quantity
«(¢) which is the cross section for added amorphiza~
tion per proton which hits a previously undamaged

area. The probability that an additional incident proton .

will not hit the amorphous region 4 is 1 — (A/4,).
In terms of this cross section, the change in A per
incident proton, dA/dP will be therefore

dA
== 4—1:-3}—_(1——)’(’) [7]‘
and after integration
1— % =exp[—~ fe(¢) do] ['@J
Using Eq. {6] and [7a)]
A
XDl fo(#) de] =1— S =1——=— [8]
0 a

Using the experimental data for ay as expressed in Eq. -

[5] and taking the logarithmic derivative of Eq. [8],
we get

1
) ¢(K2—1Ing) "
i dc ) 1
ag — ac ,
? ] g Y ul

For hy = 1.42 eV, a,H >> a, thus o, approximated by
oy 8t high dose (where 4 -+ A,)

as(1.42eV) ar (1,42 eV, ¢ = 2.4 x 101¢ p/cmh)

= 1.24 X 104 cm~1? [ul..‘.: -
x‘ = 389 [lh] : LIRCR

this gives

This same picture will be applied for the ER data, nnd
the result compared with the results above, S

ER at £, and E, Critical Points

Figure 3 shows the ER at the absorption edge l.
critieal

and Fig. 4 shows the ER response at the &

point. The most obvious festure of the bombarded '’

UV Gafwesst warw w «
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3
fwleV)
r BOMBARDED
21 posE: 4.5 x10'® prem?
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Fo. & ER ot F; from the bomberded snd set-bemberded reglons

. PPA from the nonbombarded region, A, is plotted ve.
' dose in Fig. § for both £, and E, critical points.
It is apparent that the attenustion of A for a given

(dows is larger at E, than at X;. This can be

uﬁnly the higher penetration depth of the
beam o At the bandgap trensition, the pene-

spectrum is the reduction in signal intensity in both: mtbndeptholth-u;hthotmmordcth

cases compared to the unbombarded spectrum, - 'u:,
plitmdly -

better evaluate this effect, the peak-to<penk am
(PPA), Ay, of the bombarded regio

-Memmnmumnhm
“tie. By transition the light penetrstien depth is only

n.nouuﬂndbﬂ

range, ~ 1.8x (19), where the in-

of the proton beam
concentrated. At
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Fig. 5. Peck-to-peak amplitude (PPA) of the ER ot £; and £,
normolized to the PPA from the not-bombarded region.

0.0174 (19). The ER signal at E, is reduced to below
the detection limit (~. 10-%) for dose 2 2.4 x 100
This increased sensitivity of ER at E, to irradiation
damage can be a useful tool for damage detection. The
PPA will be used to give a semi-quantitative value
for the amount of damage introduced into the sample,
averaged over the damaged layer thickness. The ER
will not distinguish, though, between the various types
of damage in the sample. It is of interest to note that
the linear fits of Eq. {3] to both E, and E, data are
parallel, aithough the data at the E; critical point are
more scattered. Between 2.5 x 104 p/cm? and § x 1018
p/cm? the decrease in Aw/d, for E, is linear in the
logarithm of the dose ¢

/36 = @ In(0/90) [1’]
with: @ = —0.16 and In¢, = 38.9. For the E, critical
point we get

Ap/30 = @’ In(e/¢y’) (13}

with: @ = a’ = ~0.18, ln ¢, = 38.0.

Proton bombardment resulted in a small shift of
about 15 meV toward the low energy in the ER peak
at E;, and 4 meV shift toward higher energy in the
ER peak at E.. A contribution to the shift at E, may
come from the uneven attenuation of the ER peak due
to strong variation in the penetration depth of the
light beam near the absorption edge combined with
the fact that the damaged layer peaks about 1.54 be-
low the surface.

Gavrilenko et al. (9) found that bombardment of Si
with 1 keV He* 10ns causes a shift in the E; ER peak
to higher energy: 1 keV Ar+ bombardment of
Al.Ga; .As solution shifts the ER pesak at E; to lower
energy (8). Figure 8 shows the increased broadening
in the E; and E, ER peaks vs. bombardment dose.
Here too, note the higher values obtained for E, com-
pared to E;. Various sources can contribute to broad-
ening of the ER signal, among others, temperature ef-
fect, local random electric field, and microstress due
to defects. In our case a local electric field can be
created by the proton doping of the damaged crystal.

The ER signal disappears at high dose. Based on the
gradual amorphization model, the ER peak-to-pesk
amplitude, Ap, at a given dose, will be proportional $o

. - PROFON DAMAGE

the area fraction which is still in the crystalline state

w=a(i-7) g

s

Thus from Eq. [7a), [12], and [14]

A &y )
exp(—~ felg) do]) =1 --A-;-_.f:._aln(dfdf
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Fig. 6. Spectra! broadening vs. preton doss of the ER signels ot
£, and Ey.

1
T oK, —In¢)
where K, = In ¢,.
We previously found (Eq. [12]) that
Ko =1Ing¢, = 369 117

Thus, from electroreflectance at Ko, at a doss of ¢ =
108 p/cm? we get (Eq. [12], {16], and [17))

exr (¢ = 10'® p/cm?) = 4 X 10-1% cm?

Similarly, from transmission measurements, at this
‘same dose we get (Eq. [#] and {10a]

ern(o = 1013 p/em? = 2 X 10-1¢cm?

(18}

IER

The relatively small discrepancy between the values
obtained for ¢gr and orr indicates that the simple
picture used to describe the amorphization process is
essentially correct in the first approximation. The res
sult sgr > ergr is to be expected because the KR is
more sensitive to bombardment; partially damaged re-
gions, neglected in the simple model, will affect the
ER more than the transmission. It was suggested (20)
that such partially damaged regions are caused by dit.
fusion of defects from the outer portion of the jon track,
into the undamaged bulk.

EA ot the Absorption Edge £,

The effect of proton bombardment on the band-to-
band electroabsorption (EA), sT/T, of the sample is
shown in Fig. 7. Just below the bandgap, AT/T is
tive, corresponding to a red shift of the absorption
on application of the electric field as expected from the
Frans Keldysh theory (5). Due to the high value of
ad (~ 103-10%) the expected (5) oscillations in AT/T
above the bandgap, have not been observed. Such
oscillations have been seen previously by workers
studying KA in thin films of GaAs (21).

The pesk in the AT/T spectrum around 14§ oV

/T
gradually disappears mw-mmw
mntmu'aho:cnbu toward the low

'y

Taking the logaritbmic derivative on both sides -, ‘layer
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tion of proton bombarded GaAs can be snnealed mere
+:i- ousily than the resistivity. They concioded that there
> ' .maust be at lecst two types of defects involved in the
bombardmens process.,

Summary and Conclesions

linoa;omlmdo‘d. ¢-O'
2”'3‘!0"#/(:;“'

4 [ 3:422x10 |>/cmz
4:924.2x10% p/em?

3r T+ ALl electromodulation signals decrease in intensity
-AIUO.’) "] . following proton bombardment of the sample. Due t0
- T .7 better overlap of the incident light beam and the dam-

aged region, the ER at £, is the most sensitive to pro-

ton bombardment. The added absorption just balow the

: " .energy gap increases sublinearly with dose in the dose

1T e S0 e et ek spremny n the

14 same t =t0- ampli~

esonprion | 8 01,80 ER wE und By el polas o
ELECTRO ABSORPTION | ~ Vary linearly with the logarithm o

~ can be used as a measure for the degree of the sample

SPECTRUM vs DOSE - amorphicity. '

L A e ' The EA at Z, develops a tail toward the low

o '
.42 .43 .44 .48 .46 {47 side of the spectrum. The ER at E, hes a shift of ~ ¢
: meV to higher energy while the peak of the ER signal
fw(ev) o 7. & Ey shifts by ~ 15 meV zlo lower energy. The origins
b of these shifts are not yet clear.
Fig. 7. EA r1. dose of bombarded and not-bombarded reglem .. - Annealing at 300°C for up to 2 hr only partially re-

" covers the unbombarded state. The recovery iz not
v v ¥ N T} lnearin time,

GoAs~-3 : B A model based on the gradual amphorization of the
TRANSMISSION AFTER .. «| , sample by an increasing number of proton-damaged
1SOT AL A N "1+ amorphous islands with well-defined boundaries was
SOTHERMAL .NNEAL’ G .~} considered, The change in absorption coeMicient, oy, or
AT 300°¢C 71" the change in the ER signal, in this model, depends on

© 7 Dorberdme ?‘Aﬂfm"‘ﬂ ryer of Bveape o
10> - mbardmen a layer of average
° NOT BOMBARDED ) . dp to be damaged, the number of unit cells made
amorphous per incident proton will be

v

L, dA A
1 N._dp-d—;/a.'-dg(l—z)v(o)/d.' (18)

o where a, is the lattice constant for GaAs (5.65A4).
R Eélsi.nz Eq. {12} and [15]-{18], we find from the K,
) ta

N= ady - 1.3 x 1037/em?

4.’ ¢

which corresponds to 28 unit cells per inci«
_ dent proton for ¢ = 5 x 10! p/cms, Wempe ¢t ¢l. (3)
.§- - found that in & 800 keV proton bombardment of GaP
-« a similar number of unit cells was made amorphous
-~4. . per incident proton: i.e., 10 for a dose of 10!S or 10!¢
protons/cms. The ER signal at X, is reduced below the
detection limit (AR/R ~ 10-9) at ¢ ~ 2.5 x 10'% p/cm?
1 2 - 1 while the ER at E; is reduced to that level only at ¢ ~
.40 142 .44 .46 .98 1017 p/em3, According to our model this implies that
wleV) a dose of about 107 p/em?® amorphizes the sample
e . th’x‘:ugho;x; thexg’a‘mjzedl layer of tm?kmu - :.:. s,
F Transmissien from th d v isotharmet - Whereas 2.5 x P/cm? amorphises it only Te-
«n:u::l at 300°C, om he bombarded reglon afte M -... glon near 1.5 um away from the surface.
S The electronic band structure of a tetrahedrally
< """ bonded amorphous material is expected to have tails
Anneating Ll abd condestion e i e ang,Dm, the alence
. . to L] P (23, 2¢4).
The effect of heat-treatment on the sample trats- tail i‘:nm:cu signal atnE is tentatively attributed to
. v - A 14
::‘l;jl:'ﬂa.in the vicinity of the E, critical point " m ‘ transitions between these tails of the m" of states.
,1:': um&l: \7u .n;bj;ict;d to .l botlnb:lr;lmm dome Acknowledgment
of 8.8 x 101 p/em! (which completely eliminated ttg =" - ‘ Ofce
ER signals) and then isothermally annealed in vaedm : m%' m m:::rpo cr:;dgg::g “Ngo!:{.nu?c.om, of

at 300°C for up to 2 hr. The heat-treatment PR
tially recovers the tranamission (Fig, 8) and BK: ~ Manuseript submitted Jupe 33, 1971; revised manu.
;eeript recetved Oct. 20, 1977, .

nals before bombardment. For & giver an ¥
17 Any diseussion of this r will appeer in & .
) % be publishe at A
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TRANSMISSION (RELATIVE UNITS)

neallng
the recovery of the ER signal is smaller thar: the'ye
hed in the Decem

covery of the transmission; this is in sgreem.ut ¥ slon 1
- JORTTAL, dheu.ﬁ‘m for the Doe.A:h-r 1M Dis-

our previous Ainding that the IR at £, ls more s _
tive to crystailine damage than the transnissen . custion Section should be submitted by Aug. |
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INTRODUCTION

’

The luminescence of chromium-doped gallium arsenide was found
mapy ycars ago (Allen 1968) to exhibit a broad bright band in the near
infrared. However, it was not until 1976 that a 9.84 eV zéro-phonon
Linc associated with this band was first reported (Stocker & Schmidt
1976, Koschel, Bishop & McCombe 1976). This zero-phonon "line” was
soon observed to have fine structure (Lightowlers & Penchina 1978)
which has since been resolved into a multiplet of at least 13 zero-
phonon iincs;,4 of these are casily visible even on a broad scan of
this luminescence band shown in Fig. 1. Presumably the fine structure 1
was not observed long ago because of eithjer poor signal-to-noise ratio
or inappropriate choice of spectrometer resolution.

An investigation of Cr-doped semi~insulating GaAs from various
sources has reévealed the presence of a number of other luminescence
bands, the most common being a broad band around 2 um which is ge- '
nerally present in matovials doped with oxygen (Fig. 2). In crystals
where this oxygen related band 1s weak or absent, a further sharp fine
system was observed (Lightowlers & Penchina 1978) around 0.57 ev
(2z.16 m) as shown in Tig. 3. This luminescence band was first reported
vy Koschel et al. (1976) who failed to observe the fine structure of
the zero-phonon multiplet. We have observed it also in the LPE sample
uscd by Stocker & Schmidt (1976) and in a variety of bulk samples. 'We
prosume this band accompanies the 0.84 eV band in all samples, but may
be hard to obscrve duc to problems of signal-to-nois when the. oxygen

related band is strong. '
* Zupporied in pari vy tihe OB under contract N 00014-76-C-0890, by the Science
Research Council, wid by the University of London Central Research Fund.

WAS Exchange Gelentist, Tnet. of DPhysics, Academy of Sciences, Prague,
and Trot. for Teohnicwd Ihysies, Aeademy of Sciences, Budapest.
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an insort,

Fig. 2. Cathodoluminescence spectrum of GaAs:Cr produced

Cathodoluminescence spectra T T T
of the no-phonon structure
at 0.575 eV obtained from
Sumitomo SI GaAs:Cr at (a)
7.7 XK and (b) 21.2 K. The
energy - level scheme in-
ferred from the temperature
dependence of the relative
line strengths is shown as

i S S Y G S S at 839.37 meV has a height
[ 820 800 280 760 %0 of 150 on this scale.
Phaton energy {mev) ,
t
~ B filter, 5db

LUMINESCENCE
INTENSITY

!\Ddb

800 W00 1200 W00 Y600 100 2000 2200
WAVELENGTH (nm) .

by Crystal Specialties obtained at ~ 10 K, un- k-
corrected for the transfer function of the op-

tical system. The long wavelength band is thought
to be related to the presence of oxygen.

Wovelength (am inair) .
250 2160 210 3
T T '

¥
AC(mev)
175

Luminescence intensity

Photon energy (maeV)




6>

plgg

In this lecture, we shall ¢oncentrate mainly on the rather ~1ch

details of the lumincscence between 2.1 and 2.4 pm associated with the

zero-phonon triplet near 0.57 eV, znd shown in Fig. 4.
Fig. 4a,
Cathodoluminescence spectra of the
: 0.57 eV system at ~ 10 K, 20 K and
30 K obtained from Sumitomo SI
GaAs:Cr. The sharp structure at
lower energy appears to be a phonon
§ H replica of thc no-phonon lines at
@ 0.575 eV (2.16 um).
5! 20K L/\
!
2] ‘ |
B \OK
Z, :
|
i
L_LAAI,_~$,.‘.L PR S SO i
2:00 2200 230 2600
WAVELENGTH (nmi
i
T T i T 1
i .__E-—- 407 meV —————el
= zero-phonon [} —
tocal moda ]
! triplet J i
8 b | -
!
7 [ -
- !
6 p— nterference < < TNV ] b
5735 mev™ !
ol ~. | ]
7 ~\ | !
GaAs Cr
L LUMINESCENCE i —
8% ‘\.\\
3 "N — '
: e 1 [ | ] ]
X 22 23 .24
A{um)
Fig. 4b. rit of Fano theory (----) to experimental

1

uminescence spectrum (

} where the

background is interpolated (~.=-.~-.) Qe=
tween smooth regions 05
C= 0.88 eV,

q= =4,

0.317.

the spectrum.
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EXPERIMENTAL ARRANGEMENT

Luminescence was excited by an electron beam of 50 keV and a
typical beam current of 3 uA. The beam was dcflected on and off the
sample electronically to allow lock-in detection, so the average power
was about 75 mw{ The arrangement of the experiment is-shown schema-
tically in Fig. 5. The cathodoluminescence sccms to be more effective
than photo=~luminescence ex-
cited by visible lasers;
the visible light is ab-

sorbed so close to the

]
It
8 £ .
. & surface that it excitesn.a
ggﬁ 5_ rcgion of lower quality
;acg 4 . than the deeper bulk, ang
§§§ g gg also causes some local
v =
‘§§g §§ heating. The luminescence
K\<\\\\ o3 is dispersed through a
,~,_———”J grating spectrometer and
gf detected with a cooled j
(2]
it 5 s lead-sulphide photoconduc-
£ €
T~ /,§k tor. An important feature
=) .
°Z in the study of this

spectrum is the optimiza-
tion of signal-to-noise.
This requires that the
spectrometer slits be made
as wide as possible without
degrading the resolution

¢ required for the experiment.
Since the spectral lineé in

this region are already'
broad, this allowed us to
‘use lmm slitwidth, permitting
. g ) the detection of features
which had been prgviously

unobserved. i
|

SO ks electron beam

Fig. 5. Experimental arrangement for
cathodoluminescence
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RESULTS p.101

Figure 4a shows much intcresting structure, of which we shall’

concentrate on these five features: *

[}
A) A triplet or zecro-phonon lines around 575 meV. i

B} A large broad backyround signal which decreases towards loﬁgér
wavelength. A ;

C) b broad systom of sidebands to the long wavelength side of;
the zero-phonon lines.

D) A sharp sidcband shifted 40.7 meV to longer wavelength fro@
the zero-phonon lincs. ’

E) A dip in the luminescence intensity on the short wavelength
side of the zero—-phonon lines. .

Feature A, the zcro~phonon lines, has been studied to higher re-
solution (Lightowlers & Penchina 1978) as a function of temperature,

and the splittings in the ground state and excited state deduced aé

shown in fig. 3. It is gecneralily thought to be due to an excitatioﬁ of
Cr3+.(ESR notation for Cr in which 3 electrons have contributed to ithe
valence bonding in the crystal, i.e. neutral chromium when substituting
for gallium). ' ;

Feature B, the broad background, is due largely to the broad 2 um
oxy4en reclated luminescence band reported by Lightowleré et al. in'!
1978 (Lichtowlers, iicnry & Penchina 1978).

Feature C, the broad sidebands, looks like a familiar crystal'
phonon replica of the zero-phoron luminescence. It seems to be missing
a contribution from the large peak in the phonon density of states due
to longitudinal 6ptical phonons (Johnson 1966). :

Feature D, is a sharp replica of the zero-phonon lines, which ‘was
Zirst reported to be a local phonon'replica in 1378 (Lightowlers, Hénry
& Penchina 1978). ’

Feature E, which appecars to be some sort of anti-resonance, hds
aot been previously cxplained. '

In the remainder of this lecture, we shall concentrate on an ox-
planation for featurcs E and B, and for features C and D which will be
treated together. -

Feature F: anti-resonance

The broad speetral sean (Fig. 4a) of the luminescence shows quite )
clearly a rather sharp dip in the luminescence intensity, just to the
short wavelength side of the zero-phonon lines near 575 meV. One
| possible explanation which first came to mind was that it might be Fue i’




|

to self absorption of the oxyyen related background luminescence (Fig.2)

p.102 |
by a Stokes shiftcd phonon replica of the zero-phonon Cr lines. Bocause
of the cxperimental arrangement used (Fig. 5) in which the luminesconce
is observed in the backward direction, this absorption would have to
occur in only a few microns (the electron penctration depth) for the
primary luminescence in the back direction, or in a total of twice the
sample thickness {about 0.4 mm thick) if it were absorption of the
forward luminescence reflected back by the indium heat sink. In either
case, this strong absorption should be easily detected in an infrafed
absorption measuremcnt. NO such sharp absorption band was observed;
thus ruling out this tentative explanation. '
Another explanation is suggested by the relatively large width of
the 0.57 eV zero-phonon lines (rwHM about 1 meV) compared with the
width of the 0.84 eV zcro-phonon lines (FWHM about 0.2 meV) {Lightowlers
& Penchina 1978) at liquid helium temperature. This additional widqh
is in spite of an apparently weaker phonon sideband spectrum. We sug-
gest here that the broadening and the anti-resonant dip are both due
to' a degeneracy in cnergy of a discrete state of the impurity and 5
continuum state, a so-called Fano-resonance. Fano has shown (Fano &
Cooper 1968, Velicky & Sak 1966) that when a "discrete" state is de-
generate with a continuum, the interaction broadens the diécrete level
into a resonant level, with interference terms causing a hearby anti-

-resonance and asymmetric lineshape. The theory predict$

2 2
HE) = oy, (B) 1“‘ S5 a- pz)]
+

where " )
€= E:E£g§onance .
i ‘
fitting this thecorectical expression to our experimental spectra (Fig.4b)
vields a linewidth ("= 0.83 meV, which is much larger than kT (about
0.3 meV at 4.2°K), a resonance lineshape given by q = -4, and a c¢o-

herence with the background given by p2 = 0.37. We fit the theory only

to the strongest zcro-phonon line. A {it to all three lines would
requirce some additional knowledge of their coherence with each other.
he relatively nice {it, as woell as the lack of other plausible ex-
planation for the l:n¢ Lricadening and anti-resonance, leads us to aon-
clude that there is indced a Fano interference between a discrete level

and a continuum,
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Peature B: oxygen related background

.
i

This backyround lumincscence band is illustrated in Fig. 2 for a
sample of chromium doped GaAs from Crystal Specialties. The same band
is much brighter in thcir chromium/oxygen doped material, and is thé
only important featurce in their GaAs:0. This band appears also in I
other-samples of GaAs with intentional oxygen doping from RSRE and.
sumitomo, and does not appear in an undoped GahAs sample from NRL grbwn
in boron nitride to specifically exclude oxygen contamination (Swiggard’
2t al. 1977). On the other hand,- we have studied two samples with iﬁ-
~entional oxygen doping which do not show this featute either: onefron
uSRE shcws several other broad bands, whila one from Sumitomo showg
only luminescence characteristic of Cr, though its photoconductivity
shows evidence of oxygen (Tyler, Jaros & Penchina 1977). Thus, we cbn—
rlude that the bread 2 unm band is evidence of oxygen impurities. The
ihsence of this band does not, however, necessarily prove the absenée
»f oxygen, which might enter GaAs in some other state, complex, etc;

Features € and D: low wavelength sidebands

The intensity of the broad long-wavelength sidebands of the 0.57
2V zero-phonon lines (Fig. 6a) looks quite similar to the density of
sattice phonons of GaAs (Johnson 1966) (Fig. 6b). A major differencé
is that the peak in. the dcnsiﬁy of states duc to longitudinal opticg}
shonons does not appear in the sideband spectrum. There is instecad a
»cak shifted by 40.7 meV to longer wavelength which has the same shape
as the zero-phonon triplet, and thermalizes with it. If one assumes.
tiie peak in the density of phoneon states can be represented by a single
Irequency ({.c¢. Linstein spectrum), then the shifted peak is explained
quite well as a local vibration of Cr on a Ga site with no major charge
in force constants. Since W = (k/m)¥ , the ratio of the frequencies

- !
M’féi = \&9;12 = 1.16 :
{ Foop 57.00 : :

M ¢

~vould be

which is in quite good agrcement with the measured ratio
Nlocallwpeak = 1.18. ‘

A nore accurute treatment (Penchina et al. 1979), using the theory
nf Dawber and Elliott {1943) extended to the case of a compound semi-
counductor, determines the local wnode frequency from the mass defect
and an integral over the full lattice phonon spectrum. This, howeve:,
gives a local mode {reoquency which is too low to give a good fit tothe
experiment (Fig. 6c). A sufiiciently high frequency could be obtained

pe——
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Fig. 6. o} Experimental phonon sidebands of 0.57 eV GaAs:Cr luminescence after”
ranoval of zero-phonon lines and background luminescence. The structure
peyond the 40.7 moV peak is due to emission of a local phonon’and a
hand phoia.

L) Lattice phonon density of states of GaAs, from Johnson (1966)

) Density of jhonons at defect for Cr on Ga site, no charnge of force
constimnits, L
Cd) ensity of phosons ab delect for mass 40 on Ga site, no chamge of - force

consitant s,

¢} Density of phonong at defect for Cr on Ga site, 20 § increase in local

force constanis.

The vertical scales of o(a)-(e) are arbitrary, and vary fram curve to

curve.

uy using a mass ol about 40 atomic units Za rather unlikely impurity
mass), at the cost of getting a worse fit to the low energy acoustic
phonon sidebands (Fig. od). On the other hand, for a Cr impurity, a
model using nearcst neighbour interactions enhanced by about 20 &
{(Penchina et al. 1979) jets the correct local mode frequency and
simultancously Amprmva'ﬁho fit for the low cncrgy acoustic phonon
';idcb.}nds an well (Fig. 6.

It might seem au first surprising that an increased force constant
woulad increase‘tﬁo locai mode frequency but decrease the acoustic .
phonén frequencies. This is casily explained when one realizes that in
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the low cnergy acoustic modes, nearest neighbours move in phase. In-

creasing the for¢c constant tends to bind the defect more rigidiy ﬁp
its neighbours, thus causing it to "drag" the neigbours along ,an
cf£fect similar to increesing the local mass, which then lowers the
trequency. The increase in force constant could come from the integ—
actions involving the unfilled d shell of Cr, and/or from a difference

in charge state between the Cr impurity and the Ga for which it sub-~

n
stitutes.

DISCUSSION .

Our study of the 0.57 eV luminescence band in GaAs:Cr indicates
cthat the main features can be explained in terms of a triplet of
<oro-phonon lines of chromivm which are degenerate with a continuum,
and thun exhibitc both broadening, and a Fano type anti-rcgonance. The
opticul transitions are coupled to local vibrations of the chromium
cmpurity which exhibits a 20 % increase in local force constants. By
comparison, the 0.84 oV luminescence shows no evidence of Fano resof
nance or coupling to local phonons. Since the coupling to phonons is
.0 different for the 0.57 eV and the 0.84 eV luminescence, they are
presumed to be due to two different charge states of Cr. The 0.84 eV
wuminescence is thnought to be in some ways related to Crz+ (i.e. singly
negatively charged chromium on a gallium site)}, perhaps prired with
some shallow impurity. Thus, we expect that the 0.57 eV luminescence
is related to Cr3+ {neutral chromium on a gallium site) which should
also be present in semi-insulating gallium arsenide.

The broad luminescence band around 2 pm was found to be charac-
teristic of oxygen in GaAs. There were, however, samples which
supposedly contained oxygen which did not show this band. Thus, it is
likely ti
one of wnich produces this luminescence band. Additional study of

hat oxygoﬁ onters GaAs in more than one state or complex, only

2xyyen-doped and oxygrn-{ree samples will be needed before this lu-
asinescence band can be used as a definitive test for oxygen impurities.

S.hohllen, J.Pnys.D.
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A study of deep impurity levels in GaAs due to Cr and

O by ac photoconductivity®
H. J. Stocker®

Depariment of Physics and Astronomy, University of Massachusetts, Amherss, Massachuserts 01003
(Received 26 January 1977; accepted for publication 18 April 1977)

ac photoconductivity measurements at T< 20 K allow accurate determination of the energy levels of
GaAs:O at F, 753 meV and of GaAs:Cr at E, —838 meV. O gives a clearly defined sharp threshold

while Cr shows a peak at 860-870 meV of varying width. Thede levels have been observed in boat-grown
and in n- and p-type LPE material. Oscillatory photoconductivity is observed in conjunction with the O

level.

PACS numbers: 71.55.Fr, 7240. +w

1. INTRODUCTION

A huge amount of literature!=" exists on the proper-

ties of semi-insulating (SI) GaAs, yet the energy levels
in these materials have not yet been determined with any
great accuracy. There is even disagreement on whether
Cr introduces one, two, or three energy levels® in
GaAs. Also, it is often not clear whether or not a given
material which is nominally Cr doped also contains
other deep impurities in significant numbers. It also
has not yet been established whether or not the energy
levels seen in boat-grown semi-insulating material
Sist as well in material grown by liquid-phase epitaxy
{LPE).

This paper is intended to help clarify this highly un-
satisfactory state of affairs by (a) reporting the most
accurate measurements of the optical ionization ener-
gies of Cr and O impurity levels in GaAs, (b) extending
the measurements of photoconductivity to liquid-He tem-
perature, {c) demonstrating that measurements of the
ac photoconductivity at He temperatures provide a
simple technique for the detection of Cr and O in GaAs,
and (d) applying the same technique to LPE layers on
semi-insulating substrates and demonstrating the
existence of the same energy levels in LPE material.

.

This paper does nof intend to present measurements
of the photoionization cross sections of the Cr and O
impurities in GaAs. As Grimmeiss and Ledebo* have
conclusively shown, measurement of the photoconductive
spectral response of deep impurities ca. be quite dras-
tically dependent on speed of measurement, light inten-
sity. and thermal history, In particular, the spectral
response may be strongly influenced by quenching ef-
fects. However, the threshold energies measured do
no! depend on these effects and are therefore reliable,

B parts of this investigation were carried out while the author
was employed by the University of Dayton and supported by
U.S. Air Force Contract F336135-72-2114, One sample (K)
was measured while the author was at the Max Planck Insitut
for Solid State Physics, Stuttgart, Germany., The work at the
University of Massachusetts was supported by the Office of
Naval Rescuarch under Contract N00014-76-C~0890,

¥ present nddress: Be!l Laboratories, Murray HUL, N.J,
07974,
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N. EXPERIMENTAL
A. Samples

Samples A—G were cut from commercially available
SI substrate material from a variety of sources. Table
I lists the samples, their sources, and the mass-spec-
trographic analysis of the Cr and Fe content, as well
as other information. The samples were obtained in
1973/74 and therefore may not be indicative of today’s
material. Samples H and K were Cr-doped LPE layers
of room-temperature resistivity p > 10° 2cm. Samples
1 and J were nominally undoped LPE layers, n type
with carrier concentration in the 5 x10"-em™ range,
Samples H—K were grown on Cr-doped SI substrate
material. The exact growth conditions are known only
for sample K and are to be described elsewhere.’

The samples were usually etched briefly in 5:1:1
(H,80, : H,0, : H,0) before contacts were made with pure
In and an ultrasonic soldering iron. While this method
does not always give Ohmic contacts (especially at He
temperatures), it seems to work as well as any others
tried on SI material and is much simpler. For the n-type
EPI layers, an In-Sn alloy was used instead of pure In.
The contacts were shielded during measurements to
minimize photovoltaic effects.

In the case of the LPE layers, contacts were made to
the top epitaxial layer orly, but the substrate of course

TABLE I, GaAs samples used.

Sample

designation Source Remarks

A MT SI, 1 ppm Cr, 0.5 ppm Fe

B Bell and Howell SI, ~1 ppm Cr, 0.4 ppm Fe

C Monsanto SI, 0.03 ppm Cr, 0.7 ppm Fe

D TI S1, 0.2 ppm Cr, 0.05 ppm

E Laser diodes SI, L ppm Cr, 0,1 ppm Fe

F Laser diodes sI, 1 ppm Cr, 0,05 ppm Fe

G Laser diodes SI

H RCA 5 um LPE Cr-doped n-type
1ayer on gubstrate G

1 RCA 1 um n-type high-purity 'PE
on substrate G

J RCA 1 um n-type high-purity PE
on H as the substra

K MPI 15 um SI Cr-doped EPE on St
substrate Growth tempera-~
ture 825°C.

er—
Copyright © 1977 American Institute of Physics 4583
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FIG, 1, Photoconductive spectral response of six samples of
SI GaAs at room temperature, not corrected for weak variation
in source-light intensity (dash-dot line). Note that base line is
different for samples A, B, and D,

remained, shunting the LPE layer. This procedure
possibly allows signal due to the photoconductivity

(PC) in the underlying substrate to be mixed in with the
photoconductive signal due to the LPE layer alone.
Fortunately, experimentally, the underlying substrate
does not appear to influence the PC signal to any great
extent. This can be seen, e.g., from Fig. 5. If the

Cr -doped substrate were to contribute substantially to
the PC response, a peak at Cr level at 0.84-0.86 eV
would appear; this is clearly not the case.

B. Measurement of the photoconductivity spectral response

Two methods of measurement were used, For the
high -resistivity samples A—H and K, a bias voltage
of 50—150 V was applied across the sample and a2 model
416 Keithley picoammeter in series. The light beam
was chopped at 5—15 Hz with a PAR variable-frequency
chopper. The output of the Keithley picoammeter was
then used as the input of a model 124A PAR lock-in. In
this configuration, the Keithley is basically used as a
dc amplifier.

The other method of measurement, applied to the
n-type low-resistance samples I and J, consisted of a
lead resistor in series with the sample, with the voltage
drop across this load being used as the input of the PAR
124A lock-in.

1It. RESULTS AND DISCUSSION

Figure 1 shows the PC spectral response for sam-
ples A—F at room temperature. There is an extremely
broad peak at 0.84—0.92 eV. Not much difference be-
tween the different samples can be discerned, At liquid-
nitrogen temperature (Fig. 2), some clearly resolved
peaks appear. Note the large differences between these
samples, even though they all are supposedly Cr-doped
SI GaAs, according to the manufacturers. These peaks
shift around considerably with temperature and it is,
in fact, rather difficult to make sense out of them, Only
by going to still lower temperatures does a well-defined
and reproducible structure emerge, Figure 3 shows the
same six samples at T =20 K. Three features are note-~
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FIG. 2, PC spectral response for the same six samples of
Fig, 1 at T=77 K. Note that base line Is different for samples
A, B, C, and D,

worthy, namely, a sharp threshold at 0. 75 eV, a broad
peak at ~0,86 eV, and an oscillatory structure.

A. Threshold at 0.75 eV

This sharp threshold occurs in samples B, C, D, and
F. This threshold we interpret as due to the presence of
oxygen in the sample. Its energy agrees well with other
measurements such as deep-level transient spectros-
copy® (DLTS) and photoluminescence. ’ It has actually ,
never been proven that this level at 0. 75 eV is due to
O and, in particular, it is not known whether it is due
to interstitial O, substitutional O, or some kind of
complex. Be that as it may, we follow the widespread
notation and attribute this level to GaAs : O, The thresh-
old energy at He temperature can actually be deter-
mined with great precision from the extrapolation of the
oscillatory structure (Sec. HIIC). The exact value is
753+ 5 meV.

B. Broad peak at 0.86-0.87 eV

This peak is clearly correlated with the presence of
Cr in GaAs. This is evident from the present mea-
surements as well as those of many previous authors®

80 90 WO (ev) 10

T gy —r— v —r

PHOTO CONOUCTIVITY

[ Te 20K
L OF SEMINSULATING Ga As

+

!

PO S G

SIGNAL { ARBUNITS]

000
PHOTON WAVENUMBER (cm-)

FIG, 3. PC spectral response for the same six samples

at 7~20 K, Note that the base lines of samples A, C, and D
are different, Three main features are geen: a threshold at
0.75 eV attributed to GaAs: O, a broader peak at 0, 86—0,87
oV due to GaAs: Cr, and an oscillating structure in those sam-
ples in which the GaAs: O threshold i strong. See text.
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and correlates well with photoluminescent data.™* The
zero phonon line in photoluminescence at T=4.3 K -
occurs at 838+ 1 meV. This agrees well with the low-
energy onset of the peak. This will be even clearer from
data on LPE Cr-doped GaAs (samples H and K).

Only sample B does not show a peak at 0.87 eV,
even though the mass-spectrographic analysis shows
about 1 ppm Cr present. Posgibly this sample was
intentionally oxygen doped. The oxygen concentration
could completely mask the Cr level. It should be noted
that the mass -spectrographic analysis for sample B
was less reliable than for the others.

The width of the peak can be seen to vary. In sample
A, the half-width {s ~40 meV; in sample F it is ~200
meV. Since the Cr concentration in both samples is
around 1 ppm, this does not appear to be a matter of
impurity concentration. Homogeneity of doping could
be a factor here. Sample F was 1 cm thick, ~10 times
the thickness of sample A. In any event, as mentioned
in Sec. 1, we do not believe one should place too much
value on the detailed shape of the ac PC response, but
rely on the main features.

C. Oscillatory structure

The oscillations are periodic in photon energy with
period 20.9 meV. They disppear at electric field
strengths of greater than about 15 V/cm. Their origin
is due to the combination of the establishment of a non-
equilibrium distribution of photoexcited carriers, the
energy dependence of their lifetime and mobility, and
the rapid emission of localized phonons of energy 20.9
meV. For a detailed discussion, we refer the reader to
Ref. 10. The energy of 20,9 meV was attributed!’ to
Jucalized phonons associated with oxygen in GaAs, Dean
and Henry'! found energies of 28.4 meV for localized
modes of O and 24.7 meV for O'® in the photolumi-
nescence spectrum of the oxygen donor in GaP. Thus,
an energy of 20.9 meV for a localized mode of O in the
GaAs lattice seems quite reasonable.
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V5 100 95 90 85 80 75
- T

s T T s v
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FIC. 4. PC spectral response of a 5 pm Cr-doped LPE layer
(sample 1) nnd its substrate (sample G) at T=20 K, Both the
threshold due to GaAs : O and the peak due to GaAs :Cr are
clearly visible in both samples, although the oxygen content
appears much reduced in the LPE layer.
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FI1G. 5. PC spectral response of two high-purity sn-type LPE
GaAs Layers of 1-um thiciness, Sample I directly on SI sub-
strate; sdmple J with additional 5-um LPE Cr-doped layer,

T =20 K. Both aamples show a well-defined threshold due to
GaAs : O, Additional peaks at lower photon enorgy disappenr at
bias voltages greater than ~3 V.

Sample C is the only one in which there is a signifi-
cant PC response for photon energies lower than 0. 75
eV which extended out to at least 0.5 eV. (For experi-
mental reasons, the cut on could not be investigated. )
This is almost certainly due to the fact that this sample
contains more Fe than Cr (see Table I), even though
it was specified to be Cr-doped SI GaAs substrate
material. Fe is known'? to introduce a level at approxi-
mately 0,52 eV from the valence band, and the longer
wavelength response seen in sample C must be attribut-
ed to transitions to these levels. Sample C also exhibits
a small peak at 740—742 meV, just before the threshold
due to O. This peak persists as the temperature is in-
creased to 77 K (Fig. 2). The origin of this peak is
unclear, A similar effect was seen in samples I and J
(see below).

Figure 4 shows the PC spectrum of a Cr-doped LPE
layer (sample H) and of the substrate alone on which it

105 100 95 90 85 20 S (ev) X
T T { MRS T | R] 17‘]
w T= 42K "
=
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- |
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FIG. 6. PC spectral response of 15-um LPE Cr-doped layer
grown at 825°C in H, atmosphere, T=4,2 K, No signal due to
GaAs : O detectable, Threshold of 838 meV corresponds to zero
phonon line of GaAs : Cr observed in luminescence in the same
material,
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was grown (sample G). The threshold due to GaAs : O
is seen in both, although much reduced in the epilayer.
A considerable sharpening of the Cr peak at 0.88 eV
can also be observed. Whether or not this is due to the
much lower Cr concentration in the LPE layer or to the
presence of competing quenching effects cannot be
determined. That the application of the ac PC technique
is suitable for this epilayer is shown in Fig. 5. Contacts
were made to the 1~-um-thick n-type LPE layer without
removing the SI substrate. For sample J, an additional
5-um Cr-doped LPE layer had been grown on top of the
SI substrate. The PC spectral response for both sam-
ples I and J is practically identical and demonstrates
the presence of O in these layers, JT4 3ui kuewédge,

]

HRLICRE] v arrect gBservaliy -evxgn(}
iWE erial i and inAoat-
e e . 4

Both samples exhibit an additional peak slightly be-
low the 0, 75-eV threshold. These peaks disappeared
when the bias across the structure was increased about
3—4 V. The average field strength between the contacts
would then be 15-20 V/cm, Although models based on
the existence of an excited state, impact ionization,
etc., can be constructed, we cannot really offer an
explanation for this strange behavior. A similar peak
was cbserved in the bulk sample C.

Figure 6 finally shows the PC spectral response of a
Cr-doped LPE layer on a SI substrate in which ap-
parently all O contamination had been eliminated. The
low-energy threshold coincides quite clearly with the
energy of the zero phonon line of GaAs : Cr measured in
photoluminescence, ¥

V. CONCLUSIONS

ac photoconductivity measurements at T 5 20 K allow
an accurate determination of the energy levels and give
information about the relative concentrations of Cr and

ERRATUM

O in SI GaAs. The technique is also applicable to thin
epitaxial layers, O produces a sharp threshold at
75315 meV at He temperatures, while Cr is recognized
by a peak of varying width at 0.88~0,87 eV. These
levels are at the identical energetic positions in boat-
grown and in LPE material, Commercially available
Cr-doped SI substrate material often contains large
concentrations of levels due to O and, in one instance,
due to Fe. The level at 753 meV, attributed to GaAs:0
which is commonly seen in VPE and boat-grown mate-
rial,
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Extrinsic photoconductivity in high-resistivity GaAs doped
with oxygen®
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We report ph ductivity
275, and 293 K. The data are shown consistent with a madel involving an imy
The impunity b

on inch-grown high-resistivity GaAs:0, taken ot 80, 190,
Hy-t duction dand
fing encrgy i» found ut (.69 eV from the conducton band, at @ K. This
encrgy decreases with increasing tempersiure. ‘The data alws indicate 8 Franck-Condon shft of 0.14 eV
and a center of axial or lomer symmetry. These results enable us (0 link our obwrvations to earlier
reports on UsAs:0 and to conclude that they ol refer (v the “0.7%-eV™ center sxcisied with the

presence of oaygen.

. PACS numbers: 7240 +w, 71 S3.Fr

We present experimental results concerning extrinsic
photoconductivity in melt-grown GaAs doped with oxygen,
taken at 80, 190, 275, and 205 K. Theoretical examina-
tion of the data indicates thut the observed spectra are
consistent with a model of a level at 0, 69 eV from the
conduction band (at 0 K), with a Franck-Condon ghift
of 0.14 eV. We predict that the cenler possesses axial
or lower synunetry and might exhibit a large nonradia-
tive capture cross section for electrons. With increas-
1ng temperature the binding eneryy with respeet to the
conduction band edge decreases. These resulls suggest
that the level is the familiar “oxygen” level, obscrved
for instance Ly Lang e al.} in their DLTS experiments
and later lound to be a commonly occurring center in
epitaxial materiale.? The large nonradiative capture
cross section for electrons and a dipole moment, re-
ported by Lang ¢/ al.} und by Jonath ef al., respec-
tively, and also the work on Ga, InAs ! which shows
that the center is not likely to be a simple substitutional
donor oxygen fit nicety into the model proposed here.
Although the binding energy reported was 0.75 eV, the
temperature dependence of the binding energy deduced
from onr data implies an additional correction’=? which
brings the estimate to a lower value of ~0.70 &V at OK,

Our high-resistivity (- 10° € cm) GaAs sample was
grown by Sumbinoto Co., with deliberate oxygen doping.
The typical mass-spectrographic dati quuted by the
manufacturer show 4,539, 0.491, 0. 180, and 9, 022
atomic ppm of O, Si, Cr, and Cuy, respectively.

The reststivity is reported to have an activation enerpy
of about 0,72 eV from 300 to 400 K.

The photoconductivity data were taken following the
method pioneesred by Grimmers f al. ¥ Dy varying the
photon flux with wavelengih to keep the sample condue-
tivity constant (i. e., keep the current constant with
fixed bias voltage), we obtain the optieal absorption
crnss xecton o)~ 1/&, where & 1s the photon flux.
1f only one tmpurity~to-band transition 1s involved, this
result holds pood al any photocurrent provided that ¢
is small enough for n+ N, (Here N is the number of
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impurities in the material, and » is the mumber of con-
duction electrons under steady-state conditions.) We
fuund that unless a sufficiently high photocurrent was
chosen, the rosults did depend on the current. (In fact
the resuits of Grimmeiss and Ledebo? do seem to depend
on the current as well; sec their Fig. 1.%) The data
shown in our Fig. 1 indicate, however, that for a suf-
ficiently high photo-to-dark curvent ratio the results
became essentially independent of the current value,
(11 might be worth rematrking that at low currents our
results also varied somewhat depending on whether

the photon eneryy was changing from lower values to
migher ones or vice versa.)

We can understand this cffect if we assume, for ex-
ample, that there |8 a second leve) in the band gap such
thut Ny - N, and 0, - 0y, In the sleady state du/dl =0, so

).:( eny -C,(Nq-'la)n=°. 1)

where #, is the density of impurity levels N, filled with
electrons, ¢, is the capture rate, and e, is the emission
rate. In thermal equilibrivm, e and ¢, (we use super-
scripts th and o to represent thermal and optical pro-
cosses, respectively) are related by detailed balance!®™

o, =} bo = du, ko= 80, ey, (2)

where ny, i8 the value of u in thermal equilibrium i
the Fermi level is at E,. Further, in the steady state
dn,/dt =0, so

Ziopm/ey = (0 =Xmnp )/, (+)]
'o[
1
! o
[
LIy
! i ) w0 x :—__-:
|
L
e e

Y
-
°
~

Proton oneigy W N

FI(:. 1, The normalized cross sections obtained at 80 X, for
different photo-to=dark current rotlos,
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¥10. 3. The normalized cross sections as 8 function of photon
oMeTEY. The data taken with the GaAs filter are shown by the
dotted lines,

Under the above condition with only two deep levels at
E, and E,, with N, >N, and 05/¢, > ¢,/c;, for sulliciently
high photon flux, ny ~ 0 while n, ig still »N,, and the
photocurrent is large compared with the dark current
80 1> ny,. Then g e{c,u’)/(N,8)= canst/ at a constant
current and temperature.

In the range of photon energles uptn~1,1 eV, we
wera able to eliminate the intrinsic component of light
with a silicon filter and the corresponding results may
provide reliable information about ¢, Above 1.1 eV (the
dotted lines in Fig. 2), we had to use 1 GaAs filter and

somae effect due to the intrinsic signal must be expected.

At high temperatures the curves 0(iv) broaden and the
maximum of o falls at energies above 1.1 eV, Since we
wers not able to determine the latter part of o(iv) very
accurately and since the shape of the cross section can-
w0t be accurately evaluated without 4 kKnowledize of the
position of its maximum, we must expect some error
in the result presented in Fig. 2. Also the measure-
maents at high temperatures for a weak signal such as
ours are generally less rellable. Indeed the large dif-
ference botween the room- and ice-temperature runs is
probably a govd indi¢ator of the error.

An interpretation of these results depends on the fol-
towing observations. The shmrp specira at tow temper-
atures indicate that the transition matrix element in-
rolves & p-like tmpurity wave function and the conduc-
ton-band Bloch functions. ¥ The bromlening clearly
visible when we compire the 80- and 190-K curves in-
ticates a Franck-Condon effect, The shift in the posi-
*jon of the maximum towards lower energy at 190 K
hows that the binding cnorgy decreascs with increasing
emperature. Although we have no evidence to prove
hat the transition involves the conduction biand, such a
wpouthesis is consistent with all we know about this
‘enter. On the basis of these vbyervations we comput
he phototonization crosys section at 80 and 190 XK. The
slectron-phonon fnteraction I8 included via the strom?
coupling model, in the semiclnssical approximation, ¥

et
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The cross section then becomes

Jtonst £ g v-( E e E)

= Jer s oo (- B2 -
' w

The notation is explained in Fig. 3, The values of the
binding energy derived in this way are £, (80 X)
=0.08 ¢V and £, (190 K)=0. 84 ¢V. and dpc = 0. 14 V.
The theoretical curves are uh.an in Fig, 3. It would
seem that the level is “pinned” at 0.83 eV from the
valence band in this rangs of temperature.

Spectra of oxygen-doped GaAs have been studied by a
mmber of researchers, However, the spectra reported
there always show many transicions perhaps due to
several optically active centers in their material.

Lang ¢! al. in their DLTS measurements! on melt-
grown GaAs reported a deep level at 0,75 oV, with 2
large electron capture cross section and a barrier
energy E; =80 meV (see Fig. 3), and related it to the
earlier data often agsociated with the presence of
oxygen. Mircea ef al.? found that a trap of precisely
the same description appears i~ undoped epitaxial
(VPE) GaAs. This measureme:-t was extended to in-
clude Gag InAs alloys.' A cor.parieon cf these re-
sults with theoretical calculati- 1s of the binding energy
1n the alloy indicates that the level is not likely to be a
siimple substitutional donor oxyen. Indeed the eaplure
data would be inconsistent with such 2 notion. The larce
(nonradiative) capture cross section and 2 small barrier
energy £y imply a large Franci-Condon shift, Further.
more, no such effects have been repurted for the single-
donor oxygen in GaP which sho:ld exhibit very similar
properties to its analog in GaAs. ! Finally, Jonath ef
al.? found a deep center in GaAs:O near the middle of
the gap which possesses a dipole moment. This and the
failure to simply correlate the fensity of this center
with the doping levels of oxygen'* also support the idea
of A more complex center.

The binding energy of 0.73 e\" ! was deduced {rom the
detatled balance equnrtion where the capture cross sec-
tion was corrected for its temperature dependence. If,
however, with increasing temperature, the level re-
maing fixed in energy with respect to the valence band,

I
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O vrrrot e o
Letice  esordmnate

FI1G. 3, A configuration~coordinnte dlagram showing a deep
level of bindiag energy E;, oxhibitizg tho Franck-Condon «{fect
(dpc). Eyq In the upticnl lonizatinn cnergy and £ is the barrier
for nonradintive capturo, E, indicaies the band gap. ln Gads
thef, 61, E,71,52 eV=la T°/(T 1 9], where o » B, 4010 ev K°!
nand 3= 204 K,
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FIG. 4. The ‘high=temperature” deasity of states of GuAs near
the band edges, Rhed from pseud fal ealcuviations of
Chelikovaky and Cohea (Ref, 18,

then this result overesti nates the zero lemyperatuve
binding ener"’ by about 50 me\', Therefare, the huxting
enerpy deduced from our optical experiments, namely,
0.69 ¢V at 0 K, seams very cluse to the above estimate
of 0.70 e\, Our center Jues exhibit a significant
Franck-Condon effect and most llkely possesses axial
or lJower symmetry, thus making a large nonradiative
capture cross section probable. In brief, our assess-
ment of the optical data i1n terms of the defect binding
energy, its temperature dependence, symmetry, and
the magnitude of the Franck-Cundon elfect cnables us
to connect all the above.mentioned observauons and
propuse that they be related to one particular center
associated with the presence of oxygen in GaAs,

The above conclusions were reached without taking
into consideration our hich-temperature daw which also
appear in Fig. 2. Althosch we have cast same doubt on
the reliability of these results, their overall character
15 worth investigating. At low temperature the maximum
of the optical cross sec:ion appears at enercics cluse
to the threshold. Also, the Gaussian in Eq. (4) is fairly
narrow, Since the sccordary conduction-band mintma
appear at and above 0, 23 eV from the bottom of the can-
duction band, the calculation of o at low teriperatures
cnuld be performed (in e rance ot energie . of interest)
emploving the simple density of states formwula, i.e.,
p~EV3,. At high temperawres, the cruss section would
be much more affected by the character of the density
of states over a large area of kK space. Our approxima-
tion, herefore, definite!v breaks duwn there. As has
heen pointed out eartier. 117 4 would maniiest itself as
a “broadening” of o(hv) and a shift of the maximum of
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o towards highe” energies. We foel that the fiatlening
ol @ vbserved at hipgh iemperatures is due (o 3 com-
bination of buth the Franck-Condon and the density of
stuteys effects. To upprecute this prucess quantitatively
we would have to go far beyond the simple theory which
resulted in Eq. (4). However, some insight might be
provided if we substitute for p(E) the denuity vl siates
obtamed (rum prxeudopotential catculations, ** and
“amnothed” 10 account for broadening at higher temper-
atures (Flg. 4). Taking 2/, (200)=0.61 ¢V and dyc = 0.14
{predicted from vur Jow-temperature data) and employ-
ing the denssty uf states shown in Fig. 4 instead of the
EYY term, in Eq. (4), we compute a theoretical curve
and compare it with the experimental ones in Fig. 3.
‘The comparison seems quite favorable,
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