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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 <0.21. The ionization energy E.-E; was obtained from these. Theoretical calculations using the
pseudopotential method were performed for substitutional oxygen donor in GalnAs, and the calculated energy
levels were compared with the experimental ones. The electron-capture cross sections, as well as optical
photoionization data are also discussed from the theoretical point of view. It is argued that most of the
experimental evidence is not consistent with the idea that the observed electron trap is simple (substitutional)

donor oxygen.

I. 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.

Most of the recent studies deal with III-V semi-
conductors, in view of their applications in opto-
electronics. A recent review of the situation in
GaAs and GaP has been prepared by Ikoma and
co-workers.!

Particle irradiation of semiconductors is a con-
venient means for creating defects (and therefore
deep levels) in a controlled fashion. A recent re-
view on irradiation defects in III-V semiconductors
has been presented by Lang.? Equally important,
but more difficult is the study of the defects which
appear spontaneously in as-grown materials, since
the means available for controlling the presence
and concentration of these defects are limited.
Since none of the deep levels corresponding to
these “natural” defects have electronic properties
identical 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, they are due to im-
purities and impurity-lattice defect complexes.

In the case of III-V semiconductors, one of the
useful ways of investigation of the “natural” deep
levels is to follow the variation of their properties
as 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, already
well known for GaAs, labeled electron trap “A” in
our previous publications® or “O” 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. II, 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 techniques 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 IV deals with the theoretical calculations and
their comparison with experiment. Section V is
a summary.

1. 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 in high-resistivity sam-
ples and capacitance transients in p-» junctions,
or Schottky barriers, in low-resistivity ones. For
discussions of previous studies of the second kind
we refer to Lang et al.® and Mircea ef al.®

The tentative attribution of this 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 et 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
Sakai and Ikoma,'* as well as with Grimmeiss and
Ledebo,? and Lin et 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
10'3-10'* cm™; (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 ionization states) proposed by
Bois'®!® is not verified. However, it is shown in
Sec. III 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
ionization 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 Q
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 (102 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 is strong only in one

of the two epilayers, in agreement with statement
(ii) above.

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

The material was prepared at Laboratories
d’Electronique et de Physique applique (LEP) by va-
por phase expitaxial growthusing the AsCl process
under hydrogen flow. The substrates were n* doped
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 dislocation
density in the final, constant composition layer
was inthe 10°-em™ range. .

The epilayers were visually examined, then their
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. III B2
below); however, for compositions with large
indium content it has not been possible to obtain
low doping levels. On the layers chosen for trans-
ient- capacitance experiments, the doping profile
measurements were repeated, with better ac-
curacy, on the permanent Schottky barriers used
in these experiments.

The barriers were circular gold 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

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

EDb nc w4 N €

Wafer n° x?2 ev) (em™)  (um) (cm™3)
1 0.046 1.320 1.2x10% 10 2x10%

2 0.077  1.265 8x104 20 7x108

3 0.099 1.245 7.5x10% 20 101

4 0.140 1.215 7Xx1015 3 4x108

5 0.21 1.115  1.5x10% 20 4x10%

6 0.24 1.075 2x10% 11 4x10B
GaAs 0 1.37 2x10% 20 2x10M

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

b Band gap evaluated at room temperature from the
spectral response of a water-droplet barrier on semi-
conductor.

¢ Free-carrier (electron) concentration at room temp-
erature; accurate to within 20%.

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

€ Concentration of deep electron trap A calculated
from the height 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 experiments

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 9821 calculator has been described
previously'®; it can measure from very small
emission rates (starting at 107 s™ or so) up to
10 s™. The second system, extending the range
from about 10 s™ to 5 X 10% s™, is an analog one
and is based on the use of a network analyzer
(HP model 8407 A), as capacitance meter with a
signal of 0.1 V applied to the sample, and a lock-in
detector (PAR model 128) as filter sele‘cting 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 from the
network analyzer.

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

c
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FIG. 2. Schematic drawing of the electronic setup for
transient capacitance spectroscopy at moderately high
emission rates. (1) Sample in cryostat, (2) digital ther-
mometer CRL 204, (3) pulse generator HP 8015 A, (4)
directional coupler HP 8721 A, (5) power splitter, (6)
rf generator HP 8601 A, (7) network analyzer HP 8407 A
with display 8412 A, (8) lock-in detector PAR 129, (9)
x-y recorder, (10) square-wave generator.
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FIG. 3. DLTS spectra with a fixed-emission-rate win-
dow as a function of alloy composition. C is the capaci-
tance of the barrier.

an emission-rate window centered at 7.5 s™: 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
N, 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
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FIG. 4. Plot of temperatures T, of Fig. 3, cor-
responding to an emission rate of 7.5 s~! vs indium frac-
tion x.

fraction x in Fig. 4. A parabolic law
T pax = Tmax(0) = Tay (x) = ax®

with 5=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 e, (7) is not unique; it can
slightly, but significantly vary from layer to layer,
even if these are of a similar kind (VPE, doping in
the 10'*-em™ 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,, o
In, ,;As (Fig. 3); therefore, one must be careful

392 FIG. 5. Emission-rate

S variations from sample to
sample in GaAs. Doping
levels are (a) 1.5x 1015
cm™%, (b) and (c) 8.10"
! cm™?, (d) and (e) 2.10%°
a cm™3, All samples are VPE
392 layers. The spectra were
taken with all samples
mounted simultaneously and
identically in the cryostat.
Reverse bias 5 V, emission
window 120 s™1.

AC/C (arb.u)

340 380 420
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FIG. 6. Linear plot of capacitance transients at 27°C.
(a) GaAs, (b) ternary=1 (x=0.046).

not to rely too heavily on the exact position of ex-
perimental points in Fig. 4.

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

The second “secondary effect” (nonexponential
emission transients) has been observed to date
only on the ternary samples. To look at this as-
pect more carefully, we performed accurate mea-
surements at a fixed temperature, using the calcu-
lator system as transient averager in order to im-
prove the signal-to-noise ratio. Typical observa-
tions are shown in Figs. 6 and 7. In Fig. 6, we
plot in linear scales the transients observed at
27°C for GaAs and for layer #1 (x=0.5). In the
second case, the nonexponential variation is easily
seen. ‘

In Fig. 7, we show semilogarithmic plots for
three transients. Generally it appears feasible to
describe the experimental curve as a sum of two
or three pure exponentials. However, we have not
been able to determine a regular variation of each
time constant as a function of temperature, which
would have conferred a physical meaning to this
decomposition. i

This completes the description of the secondary

1-AC(t)/AC (o)

] 1
0.0-0 100 .
TIME (s)
FIG. 7. Semilog plot of capacitance transients. (a)
GaAs at 27 C, (b) ternary # 1 at 27 C, (c) ternary = 2 at
24 C.
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FIG. 8. Arrhenius plots of experimental emission
rates of electron trap A vs temperature. (a) GaAs,
standard; (b) ternary= 1 (x =0.046); (c) GaAs, high-
emission-rate layer (see text); (d) ternary = 2 (x =0.077);
(e) ternary = 4 (x =0.14); (f) ternary =5 (x =0.21).

effects which loaded our investigation. In spite of
these difficulties, from the DLTS data taken with
different emission-rate windows it has been possi-
ble to obtain straight-line plots of e,/T2=£(1/T),
characteristic for the deep electron trap A 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 be pointless
to seek for better accuracy in the position of curve
(b).

The activation energies E ,, associated with the
plots of Fig. 8 are marked in this figure. 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,.=E,- E,. However, as
discussed by Henry and Lang a correction E, due
to the variation of capture cross section versus
temperature must be applied:

E, c=E;c+Ep. (1)

Therefore, before comparing the experimental re-
sults to the theoretical predictions concerning E;,
it is necessary to measure the capture cross sec-
tions and detect possible variations of Ez as a
function of x.
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2. Electron-capture rates and cross 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 is 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, if 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

LT T T T T T T T T3
D\ T= 73K T=193 K J
AN =059us P\ T= 0.31ps
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FIG. 9. Ilustrating the nonexponential character of
trap refilling in GaAs sample.
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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 electron 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 I. When calculating ¢, 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 v,

vep(cm/s)=2.6 X 10° TY/2(K) (2)

The 0,(T) results are gathered in Fig. 10. For
comparison, we have reproduced in this same
figure the curve found by Lang and Henry? for
GaAs. In view of the above discussed difficulties,
the agreement seems satisfactory. In particular,
the slope (activation energy Ep) of 0.08 eV is 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 still essentially the same as in GaAs, but for
the sample x=0.14 it has decreased significantly,
so that the two curves cross at low temperatures.
Finally the (unfortunately very limited) data that
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FIG. 11. Dependence on indium fraction x of the
bottom of the conduction band E, and of the deep level
Ep for electron trap A. Reference is top of the valence
band.

we have been able to get for x=0.21 seem to indi-
cate that o, increases again, but this point may
need further verification.

C. Ionization 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
I) 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,;. ~E .

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 calculations,
we have found an ionization energy of 0.78 eV for
GaAs:0, in good agreement with the experimental
data discussed in Sec. II above. Clearly the re-
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sults reported here for Ga,.,In As 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
exist in Ga,. In As. Although this calculation can-
not prove that trap A 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 is 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®+22 and will not be repeated here.
The essence of the method consists of writing the
impurity wave function ¥ as an expansion in terms
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 Schroédinger equation, i.e.,

Hy+h)p=€d (3)
with
V=2 Ani8ni (4)
nl,k

is then solved numerically. The functions 8, ; are
obtained from a local empirical pseudopotential
band-structure calculation.?® Here k is the im-
purity pseudopotential which in this particular
case is just the difference between the self-con-
sistent (screened) pseudopotentials 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, ,In,As: 0O
L El(gap)
5[ E (oxygen)
& —_—
z |
w

0.0 0.2 0.4 X
INDIUM FRACTION
FIG. 12. Calculated ground-state energy of a single

donor oxygen in Ga;_, In.As. The position in the direct
gap is shown.
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for x #0, we maintain our sampling procedure and
the potential z unchanged. The band-structure
parameters, i.e., the functions §, ; and energies
E,,lg are obtained as before, i.e., by solving

HS, :=E,8,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 calcu-
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 2 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 difficult to ac-
cept on intuitive grounds, has been well supported

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 respect to I';, all impurity energies
shown in Fig. 12 should be reduced by about 50
meV. We do not believe 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 conduction band®! simply is not very sen-
sitive to the low density of states area near T',.

Of course, as x increases, the interaction with
the I'; valley should slowly increase in importance
since I'; comes closer to the level in the gap.

There is some uncertainty as far as the positions
of X, and L, with respect to T'; in InAs are con-
cerned. Obviously, 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 calculation, namely, that E(oxygen) does
not follow either X,, L,, or T, and that E, — E(oxy-
gen) = (const) for x=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. Position of the
1 conduction-band minima
with respect to the top of
the valence band in

! Ga,_,In,As from a simple
virtual-crystal model em-
ployed in this calculation.
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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 ef al. on Ga,.,ALAs (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 bowing should indeed be neg-
ligible. The observed direct gap agrees well with
the values calculated 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
oxygen 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 x. Since several of the deep traps observed
by Lang et 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 E =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. 11 and 12.

C. Discussion of the photoionization data

The photoionization spectrum of O-doped GaAs
was shown in Fig. 1, and in Sec. II above, we
argued that only the threshold in the middle of the
gap, i.e., electron trap A, should be related to
oxygen, the upturn above 1 eV being mainly a con-
tribution from another level, with possibly some
contribution due to the rise in the density of states
in the GaAs conduction band®” (Fig. 14). It is un-
fortunate that the presence of the second level
masks this last contribution, since the exact
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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 et 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.
It 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 offer a numerical result for the Franck-
Condon shift and the equilibrium energy of the two-
electron state. However, as far as calculations
are concerned, the degree of similarity 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 tedious
and imperfect process of the numerical procedure.
Thus for GaAs:O we might expect EJ~ 0.6 and
E;~1.0 eV (EJ and E} are energies per electron in
the two-electron state before and after the lattice
relaxation takes place, respectively). The pres-
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,_,In As.

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(-Ep/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 persists 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:
(i) How do we explain this variation of E; v hx?
(ii) 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 sin-
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 the acti-
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FIG. 15. Configuration coordinate diagram illustrating
a capture proeess of a carrier from the conduction band
into a deep level of energy E;. S is the Franck-Condon
shift expressed in units of lattice vibration.

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 E 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 g with x—if E 5 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 As alloys with 0<x <0.21.
Emission rate versus temperature 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 I'" 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 a more or
less constant energy difference with respect to
E,. This conclusion is not in good quantitative’
agreement with the experimental results. How-



ever, this argument alone does not allow to reject
the hypothesis that the trap A is 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 multiphonon
emission capture mechanism. The cross sections
decrease in magnitude as x increases, at least up
to x=0.15, and a variation of the activatjion ener-
gy Ep is also observed above x=0.10. These rath-
er remarkable results 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 zot apply to
single donor oxygen. Moreover, since the s-like
wave function associated with the ground state of
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this defect should not be sensitive to small changes
in the local environment due to alloying, the acti-
vation energy should not vary with composition as
observed in our experiments. 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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