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The Impact of Deep Levels on the Photocurrent Transients in
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The photocurrent transients, IPC(t), were studied in semi-insulating (SI) GaAs
during a low-temperature (low-T) illumination. Unusual transients were ex-
plained by the model, relating IPC(t) to the deep levels/traps and their occu-
pancy. Such traps were actually detected and characterized by the independent
measurements of the thermally stimulated currents (TSCs). The processes of
the generation, recombination, and capture were described by a set of coupled
differential equations and solved numerically. The IPC(t), calculated without
any free parameter, well reproduced (through eight orders of magnitude) the
experimental transients over a wide range of the photon energies and intensi-
ties. The best-fit parameters agreed well with those determined from the TSC
measurements.
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INTRODUCTION

The performance of integrated circuits and field
effect transistors, based on a semi-insulating (SI),
undoped GaAs, is essentially influenced by the qual-
ity of the substrate. The quality depends on the
concentration of the native defects and unavoidable
chemical impurities having deep energy levels in the
forbidden energy gap. Besides the well-known EL2
level, there are other deep levels in the undoped, SI
GaAs energy gap, which have an impact on the mi-
croscopic and macroscopic properties of SI GaAs,1–15

including some low-temperature (low-T) transient
phenomena.4,7–14 It has been shown that the
majority of these defects are electron traps.1–3 The
characterization of the deep traps, which means a
determination of their main parameters, and a trap
“signature” (particularly activation energy, Ea, and
capture cross section, σ) has been the main objective
of numerous researches. These results, based on the
classical methods of a single-peak analysis, have
been analyzed and systematized in Ref. 16. A new
approach, which enabled the complete deep-trap
characterization (including the trap concentrations),

using a simultaneous multiple-peak analysis method
(SIMPA) was recently introduced.17,18 Furthermore,
after the re-analysis with the SIMPA of the already
published thermally stimulated current (TSC) data
obtained by over 20 different authors, over a 30-year
period, a complete set of all deep traps in the SI
GaAs was established.19

In numerous reports,4–10 unusual transients have
been observed, which manifest as slow changes in a
low-T photocurrent transients (IPC(t)) before it finally
reaches a constant (saturation) value. In this work,
these peculiar IPC(t), measured on the undoped, liq-
uid-encapsulated Czochralski (LEC) SI GaAs, were
explained by a model that relates IPC(t) to the deep
levels and their occupancy. The presence of such
deep levels was proven independently by the TSC
measurements. The model assumes that the photo-
generated free carriers are trapped into the deep
levels, which results in shortening of their free life-
times, and that the final, stationary value of IPC(t) is
reached only after all traps are filled. The processes
of the generation, recombination, and capture of
charge carriers were described with a pertinent
set of coupled differential equations, which were
solved numerically, by the procedure in which the
Runge–Kutta method was used.20 The photocurrent
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transients, calculated via the model, very well repro-
duced the experimentally observed transients over
eight orders of magnitude in the IPC(t) changes, as
well as over a wide range of intensities and photon
energies, Eph, used for the generation of free carriers.
The best-fit trap parameters and concentrations
agreed well with the ones determined from the
TSC measurements. This strongly supports the as-
sumption that the deep levels and their occupancy
are directly responsible for peculiar photocurrent
transients in a SI GaAs.

The additional byproduct of this analysis was the
estimate of the electron and hole mobility in a SI
GaAs at low-T, as well as the capture cross sections
of the EL2 defect, which all showed good agreement
with the previously published results of other au-
thors, obtained by different methods.

EXPERIMENTAL DETAILS

The photocurrent transients at 85 K were mea-
sured in the same apparatus used for the TSC
measurements described previously.3,7 The undoped,
LEC SI GaAs samples were used in this study. Each
sample was heated in the dark until 340 K (to empty
all deep traps/levels) and then cooled in the dark to
85 K. The sample was then illuminated by the pho-
tons of the selected wavelength and intensity, and
the changes of IPC(t) were recorded until the satura-
tion value was reached. The photon energies lower
than the bandgap, Eg, of GaAs were used for photo-
excitation because, in that case, the whole sample
participates in the absorption, while for Eph � Eg all
photons would be absorbed in the very thin surface
region. Besides, in such a way, either electrons or
holes could be produced preferentially. Namely, for
Eph � Eg, photogenerated free carriers are created
via two processes: the holes are excited to the va-
lence band from the EL2 level and the electrons from
the EL2 to the conduction band. The optical cross
sections of the EL2 vary considerably with photon
energy.21 Because of these differences, the 1.2–1.4 eV
photons generate preferentially free electrons via
the excitations from the EL2 to the conductive band,
while for Eph � 0.8 eV, the excitation of the holes to
the valence band is a preferred process.21 A “low”
photon intensity (1 � 1013 photons/cm2s) or a “high”
intensity (1 � 1015 photons/cm2s) was used in this
study. On the same samples, the additional experi-
ment was done, in which the sample was illuminated
at 85 K for a prolonged time (1,000 sec), then kept in
the dark for the additional 100 sec, followed by a
standard IPC(t) measurement.

RESULTS AND DISCUSSION

Photocurrent Transients in Semi-Insulating
GaAs

A photocurrent is generally proportional to (∆nµn
� (∆pµp)22 where ∆n, ∆p, µn, and µp represent the ex-
cess concentrations and mobilities of the electrons
and holes, respectively, generated by a light, in
respect to the dark values. These values depend on

factors, such as light intensity, absorption coefficient,
photon energy, etc. It has been noticed that the pho-
tocurrent exhibits various temporal dependencies
during the illumination.7,9,10,23–25 The dotted curves
on Fig. 1 show the measured photocurrent transients
at 85 K. The transients 1.21 eV and 1.38 eV are char-
acterized with the distinguishable gradual increase
of the photocurrent occurring in several stages. In
both cases, the saturation values were reached after
few hundred seconds. For these Eph and the low light
intensity, the total rise of the photocurrent during the
transient measurement spanned over six orders of
magnitude. For the low intensity excitation, all
stages of the transient were slow enough to be clearly
visible on the time scale of hundreds of seconds.

When the sample was illuminated with high inten-
sity light, an abrupt increase in the photocurrent for
more than eight orders of magnitude occurs (Fig. 1,
dotted curve 1.21* eV). In this case, all characteristic
phases of the transient became very short because of
the much faster generation of the free carriers. How-
ever, for this strong light intensity, the quenching of
the photocurrent can be noticed, starting immedi-
ately after the initial abrupt rise of IPC. This is
caused by the transition of the EL2 level to the
metastable state, EL2*. This process is observable
only at high light intensities and for certain photon
energies.26,27 In an additional experiment, where the
IPC(t) was measured after a long pre-illumination at
a low-T, no transient was observed. Namely, the IPC
saturation value was reached a few seconds after the
light was turned on.

Model

To explain qualitatively and quantitatively the
characteristic features of the previously described
transients, a theoretical model was created and ap-
plied to the SI GaAs material. The model assumes
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Fig. 1. The measured (dotted curves) and the calculated photocur-
rent transients (solid curves) for the photon energies 0.7 eV, 1.21 eV,
and 1.38 eV with the photon flux of 1 � 1013 photons/cm2s. The
curves 1.21* refer to the photon flux of 1 � 1015 photons/cm2s.
The curves denoted as 1.38# present the measured (dotted) and
the calculated (solid) photocurrents with all deep traps initially full
(no transient observed).



that the deep levels and their occupancy are respon-
sible for the observed photocurrent transients. It
was supposed that at the beginning of the illumina-
tion, when all deep traps are empty, the capture
processes into the deep traps dominates over recom-
bination. This made the effective free-carriers’ life-
times shorter than in the stationary state. The trap
with the biggest capture cross section was assumed
to fill first, determining the lowest stage of the
IPC(t). Subsequently, the traps with the smaller cap-
ture cross sections also become filled, which results
in the gradual increase of the average free-carrier
lifetime and, hence, the increase of the IPC. The pho-
tocurrent reaches a constant value when all traps
are filled, and traps cease to influence the lifetime
and IPC. The stationary lifetime and the stationary,
IPC(∞), then become determined by the main recom-
bination center, by the balance of the processes of
the generation and recombination of the photogen-
erated carriers, respectively. Figure 2 presents the
relevant deep levels, assumed trapping, and the
recombination scheme included into the model.

• The EL2 level, an omnipresent and well-known
defect in the undoped SI GaAs crystals, is gener-
ally found in concentrations of approximately 2 �
1016 cm�3.28 (In the samples used in this work,
the presence and the concentration of the EL2
defect was determined by the optical absorption
measurements.29) This level plays a triple role
here. The first one is a creation of the free elec-
trons and holes in the excitation processes char-
acterized by the optical cross sections (σºnEL2(λ)
and σºpEL2(l), respectively21). The second one is
the recombination characterized by the capture
cross sections for electrons (σnEL2) and holes
(σpEL2). The calculated values for the capture
cross sections (σnEL2 and σpEL2) are presente in
Table I. Finally, the third one addresses the tran-
sition, EL2 → EL2*, characterized by the cross
section σ*EL2(λ).

• Three donors (electron traps), D1 (σnD1), D2
(σnD2), and D3 (σnD3), were used in our model.
Namely, 11 different deep traps (levels) were de-
termined independently in these SI GaAs samples
by the TSC measurements,3,17–19 most of them
being electron traps. The complete signatures of
these traps can be found in Table II (including
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Fig. 2. The model of the SI GaAs bandgap with all the levels
and processes (with respective cross sections) included. The term
Di, i � 1, 2, 3, denote electron traps, a hole trap, and REC recombi-
nation center. The Fermi level (EF) is pinned to the EL2, situated in
the middle of the forbidden energy gap. The terms v. b. and c. b. are
the valence and conductive band, respectively. EL2* presents the
metastable state of the EL2 defect.

Table I. The Characteristic Trap Parameters of
the Levels Included in the Model*

Level Ni/cm�3 σni/cm2 σpi/cm2

D1 1.5 � 1015 2.0 � 10�16 —
D2 2.0 � 1015 6.0 � 10�17 —
D3 8.8 � 1014 8.0 � 10�18 —
A 1.0 � 1014 — 8.0 � 10�17

REC 1.5 � 1015 1.8 � 10�18 4.0 � 10�17

EL2 2.0 � 1016 2.5 � 10�19 3.5 � 10�21

* The term Ni is the trap concentration, and σni and σpi are the
capture cross sections for the electrons and holes, respectively, de-
termined as the best-fit parameters from the fit of the Eq. 11 to
the experimental IPC (t) for all used photon energies and light
intensities. The starting values of σni and σpi were taken from
Refs. 17–19 (Table II). The concentration of the EL2 level was
determined from the absorption measurement.29

Table II. The Deep Trap Parameters Obtained by the Simultaneous Multiple-Peak Analysis Method of
the Thermally Stimulated Current Spectra (Refs. 17–19) Measured at the Undoped Semi-Insulating GaAs

Samples Also Used in the IPC Measurements of This Work

Trap Ea,i/eV σi/cm2 Ni/cm�3

T0 0.152 � 0.004 (3.2 � 0.3) � 10�17 2.4 � 1011 � NT0 � 3.0 � 1013

T1 0.158 � 0.004 (2.5 � 0.4) � 10�18 4.1 � 1012 � NT1 � 4.0 � 1014

T2a 0.202 � 0.004 (2.7 � 0.4) � 10�17 2.2 � 1013 � NT2a � 4.0 � 1014

T2b 0.229 � 0.006 (2.8 � 0.8) � 10�17 1.8 � 1012 � NT2b � 3.0 � 1015

T3 0.271 � 0.004 (4.9 � 0.5) � 10�17 4.1 � 1012 � NT3 � 2.0 � 1016

T4 0.281 � 0.005 (1.2 � 0.6) � 10�17 3.7 � 1012 � NT4 � 1.0 � 1015

T4a 0.325 � 0.008 (1.0 � 0.2) � 10�17 3.1 � 1013 � NT4a � 3.0 � 1014

T5 0.439 � 0.006 (0.9 � 0.1) � 10�15 2.4 � 1014 � NT5 � 5.0 � 1015

T6 0.478 � 0.007 (3.8 � 0.8) � 10�16 3.5 � 1015 � NT6 � 5.0 � 1016

T7 0.519 � 0.006 (1.1 � 0.4) � 10�16 4.8 � 1015 � NT7 � 1.0 � 1016

T8 0.578 � 0.004 (5.0 � 1.5) � 10�16 5.0 � 1013 � NT8 � 3.0 � 1015

EL2 0.75 � 0.02 — —
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their concentration ranges). Their concentrations
were taken here as fitting variables. Picking up
the three characteristic electron traps from the
preceding set of 11, representing a fast, medium,
and slow trapping, respectively, is deemed as a
sensible compromise; including just one electron
trap clearly introduced in the simulation a two-
step transient of the IPC(t) (not shown), resulting
in a poor fit of the experimental curve. On the
other hand, the inclusion of more and more traps
resulted, understandably, in a progressively better
accordance of the measured and simulated IPC(t),
but also made the formulas/calculations more
cumbersome and, consequently, the basic idea of
the model less transparent. Furthermore, the use
of just three representative levels (fast, medium,
and slow trapping) makes this model more uni-
versal and easily applicable for use in the analo-
gous analysis of other GaAs samples and other SI
III-V semiconductors or alloys in which similar
transients were observed.4–10 The best-fit parame-
ters of these three deep-electron traps are pre-
sented in Table I.

• One acceptor (a hole trap), denoted as A (σpA),
representing the hole traps, is also included into
the model. Namely, (at least one) hole trap was
found in these samples,3 and besides, it is known
that the hole traps often exist in the SI GaAs
material.30 The relevant best-fit capture cross
section for the holes (σpA) and the concentration
(NA) are also presented in Table I.

• The next assumption of the model is that, beside
the recombination through the EL2 level, there
exists another recombination center (denoted as
REC), characterized by the capture cross sections
for the electrons (σnREC) and holes (σpREC). All
data referring to REC (Table I) emerged from the
analysis of the model, but it is well-known that
such centers unavoidably exist in the SI GaAs.1,2

The simulation starts with the selection of the ini-
tial values of all computed functions corresponding
to the actual experimental situation. After cooling to
a low-T (85 K) in the dark, all deep traps are empty,
and the Fermi level (EF) is situated at the EL2
level in the middle of the gap. When the sample is
illuminated with photon energy smaller than the
bandgap (Eph � Eg), various transitions between
bands and localized levels are possible. However, the
optically induced trap-to-trap transitions could be
neglected because they have a low probability
caused by the small product of their concentrations
and relatively large average spatial distance among
them. It is also assumed that the thermal emission
from the deep traps can be neglected because of the
fact that in the SI GaAs practically all of these traps
release charge carriers at temperatures higher than
90 K (T � 90 K), as determined from the TSC mea-
surements.1–3,15 The additional plausible assump-
tion is that the EL2 is the only optically active level,
i.e., that the processes of the optically stimulated

capture and emission for the other deep levels can
be neglected. Furthermore, a direct recombination is
also a process with a low probability as well as a
direct generation of the free carriers because the
photon energies used in this work were smaller than
the bandgap of the SI GaAs. Hence, both of these
processes were disregarded.

The model proposed leads to a set of coupled differ-
ential equations. The first equation presents the time
dependence of the free electron concentration, n:

(1)

The terms NEL2 and NREC are the total concentra-
tions of the EL2 and REC levels, respectively. The
term NDi, with i � 1, 2, 3, is the total concentration of
the relevant electron traps, while nDi is the concen-
trations of the electrons in them. Similarly, the elec-
tron concentration in the REC is denoted as nREC.
The first term on the right side of Eq. 1 describes the
generation of the free electrons from the EL2 level
and is proportional to the light intensity, Φ (in pho-
tons/cm2s); the optical cross section for the emission
of the electrons from the EL2 level, σ°nEL2; and the
concentration of the occupied EL2, nEL2. The second
term is composed of five similar terms, all of which
cause a decrease in n. The term vn is the thermal ve-
locity for the electrons, vn � √8kT/πm*e, with m*e �
0.067 m0, where m*e is the effective electron mass,
and m0 is the electron mass at rest, while k denotes
the Boltzmann constant. The first three products de-
scribe a capture of the free electrons to different elec-
tron traps, while the other two describe a capture of
the free electrons into the REC and EL2 levels.

A similar equation describes the change of the
concentration of the free holes with illumination:

(2)

All terms in Eq. 2 are of the same structure as
the terms in Eq. 1 with analogous meanings of the
symbols. The first term on the right side of the Eq. 2
describes the emission of the free holes from the
EL2 center to the valence band, while the other
three terms describe a capture of the holes into the
REC, EL2, and a hole trap A, respectively. The vp
denotes the hole thermal velocity, vp � √8kT/πm*p,
with m*p � 0.45 m0, where m*p is the effective hole
mass. The temporal changes of the populations in
the electron (hole) traps included in our model are
described by the Eqs. 3–6:

(3–5)

where i � 1, 2, 3.
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Equations 7 and 8 show the time dependence of the
electron populations in the REC and EL2 centers,
respectively:

(7)

(8)

The first right side term in Eq. 7 (Eq. 8) describes a
capture of the free electrons into the REC center
(EL2), while the second term represents a capture of
the free holes into them. The third and fourth terms
in Eq. 8 represent the optical emission of the elec-
trons from the EL2 into the conduction band and the
emission of the holes from the EL2 to the valence
band. In fact, nEL2 slightly depends on the EL2 →
EL2* transition, characterized by the cross section
σ*EL2. This dependence is included in the third right-
hand term of Eq. 8 as well as by Eq. 9, which de-
scribes temporal change of the EL2* concentration,
nEL2*:

(9)

However, this influence is negligible up to very high
light intensities because σ*EL2 is very small in the
whole range of the applied Eph (10�21–10�17 cm2).26

Equation 10 presents the condition for charge
neutrality:

(10)

Finally, IPC(t) can be calculated as

(11)
where the proportionality constant K is defined as a
product of the electron charge (e), the electric field at
the sample (E), the hole mobility (µp), and the area of
the contacts (A): K � eEµpA, while b denotes the mo-
bility ratio defined as b � µn/µp. In the calculations
we took, b � 10, according to the values estimated in
the Refs. 12 and 31. The previously introduced set of
coupled differential equations is not analytically
solvable. Hence, it had to be solved numerically.

Photocurrent Transient Simulations

To integrate the differential Eqs. 1–9, a computer
program was developed based on the Runge–Kutta
method20 with a variable step size. The assumptions
of the model define the initial conditions. The initial
values of both free electron and free hole concentra-
tions before illumination are negligible. An important
parameter in the calculations is the initial occupancy
of the EL2 level, i.e., the fraction, fi � nEL2/NEL2. A
convergence of the theoretical curve (photocurrent
simulation) is greatly influenced by this parameter:

the small fi (EL2 level practically empty) favors the
hole transitions from the valence band to the EL2,
while large fi (EL2 almost full) prefers the electron
transitions from the EL2 to the conductive band.
From the independent absorption measurements and
analysis on the same samples we have obtained:32 0.8
	 fi 	 1. Hence, the values of fi from that range were
used as the initial fi in our simulations. The best fits
were always obtained with fi � 0.9.

Full lines in Fig. 1 show the best fit of Eq. 11 to the
experimental IPC(t) (dotted curves) for the photon
energies of 0.7 eV, 1.21 eV, and 1.38 eV (a low light
intensity) and 1.21* eV (* denotes a high light inten-
sity regime). The same trap parameters (within 5%)
were obtained for all used photon energies in both
light intensity regimes. Note that there were no ad-
ditional free, adjustable parameters, despite a wide
range of photon energies and light intensities. The
1.38# curves represent calculated (solid) and mea-
sured (dotted) photocurrents in the case when all
deep traps are full (in this experiment the sample
was initially pre-illuminated at 85 K, which is in
simulations equivalent to the initial values for
nDi/NDi and pA/NA selected as 1). The comparison of
the calculated IPC(t) with the experimental ones
shows a very good qualitative and a good quantita-
tive agreement as well. Most of the characteristic
features of the experimental curves were success-
fully reproduced in the simulated transients for all
respective photon energies and light intensities.
This includes a gradual increase in IPC and almost
the same temporal development over the full range
of eight orders of magnitude. Furthermore, the cal-
culated final IPC values after a long (1,000 sec) illu-
mination, which spans over six orders of magnitude
depending on the illumination conditions, excel-
lently agree with the experimental values. Finally, in
both experimental and calculated curves for the full
deep-level regime (1.38# curves in Fig. 1), an abrupt
increase in the final IPC was obtained (without grad-
ual changes), giving additional proof that the char-
acteristic transients are caused by the deep levels
and their occupancy.

High intensity, 1.21* eV curves were also very
similar, both characterized by an abrupt jump of IPC
at the beginning of the illumination followed by a
slight decrease of IPC with time afterwards. A slow
decrease originates from the transition of the EL2
to the metastable state, which is observable only at
high light intensities.26,27 The best fit gave the opti-
cal cross section for the preceding transition, σ*EL2
� 1 � 10�18 cm2, which is in a good agreement with
σ*EL2 � 1.23 � 10�18 cm2, calculated in Ref. 26 from
the analysis of the photocapacitance transient mea-
surement at Eph � 1.15 eV.

Table I presents the best-fit parameters for all six
levels used in the simulations. The obtained values
for the capture cross sections and the trap concen-
trations are in accordance with the values for the
deep levels determined from the independent mea-
surements via the TSC17,18 performed on the same
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set of the SI GaAs samples. All trap parameters, pre-
sented in Table II, also agree well with the values
obtained from the re-analysis of a large number of
the SI GaAs samples with other methods by
different authors, reviewed in Ref. 19.

For the main deep-donor EL2, the capture cross
sections for both electrons and holes were calculated
from the simulations as well. The obtained result for
σnEL2 � 2.5 � 10�19 cm2 is 2.9 times smaller than
the one calculated according to the formulae σn � 6
� 10�15 exp(�0.066/kT) cm2, supposedly valid for
the temperature range from 50–275 K,33 which is
7.2 � 10�19 cm2. However, exactly the same discrep-
ancy was obtained by Look and Fang.34 Further-
more, Look and Fang calculated the capture cross
section ratio σnEL2/σpEL2 to be 70. From our results
in this work, that ratio is 71.4, which is again in a
very good agreement.

The calculated deep-trap filling dynamics in a low
intensity regime and the applied photon energies
(not shown) confirmed that all traps get fully filled
in the first 200–300 sec, i.e., just in the time interval
in which the characteristic features of the transients
in IPC(t) were observed (Fig. 1).

Table III shows the best-fit results for the free
electron (hole) saturation values, n(∞) (p(∞)) for each
photon energy used. For each photon energy, the
constant K in Eq. 11 was calculated from the
expression: K � IPC(∞)/(10n(∞) � p(∞)), where IPC(∞)
is a measured saturation photocurrent value. The
hole mobility (at 85 K) can then be calculated from
µp � K/(eEA), yielding µp � 0.75 � 104 cm2/Vs. As-
suming µn � 10 µp, one gets µn � 0.75 � 105 cm2/Vs.
This result is reasonably close to µn � 1 � 105

cm2/Vs, calculated by Look for a SI GaAs when all
scattering mechanisms in the SI GaAs were taken
into account.35

CONCLUSIONS

Low-T photocurrent transients measured on un-
doped, SI LEC GaAs samples, illuminated with pho-
ton energies smaller than the forbidden energy gap,
were simulated by a theoretical model, which con-
nects a temporal development of the photocurrent
with the actual deep levels (found in that material)
and their occupancy. The model quantitatively re-
produced and observed the experimental transients
and their changes over eight orders of magnitude

during the illumination, as well as the dependence
on the photon energy and the light intensity. Used
trap signatures as well as the calculated defect
concentrations obtained from simulations of IPC(t)
agree well with those obtained by an independent
quantitative analysis of the TSC spectra. Further-
more, the presented analysis enabled verification of
the cross sections for the electrons and holes of the
EL2 defect, the cross section for the transition into
metastable state EL2*, as well as the calculation of
the electron and hole mobilities in the SI GaAs at
85 K. The obtained values agree very well with the
previously reported values of these parameters ob-
tained by other authors via different experimental
and theoretical methods.

All these results give strong evidence that those
deep levels/traps and the changes in their occupancy
during a low-T illumination are directly responsible
for the characteristic photocurrent transients ob-
served in the SI GaAs.
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Solid State Commun. 74, 847 (1990).

25. U.V. Desnica, D.I. Desnica, and B. Šantić, Appl. Phys. A 51,
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