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Abstract A system of rate equations was used to study the
unusual behavior of the EL2 defect in SI-GaAs. Experi-
mental results show a strong correlation between the
position of the Fermi level and the appearance of either
negative or positive EL2 peaks. The applied model repro-
duces experimental results and provides a mechanism which
explains the occurrence of negative EL2 peaks. Besides the
numerical simulation we also adapted a simplified trap
model which leads to a qualitative understanding of the
negative PICTS peak effect. Furthermore, the existence of
negative peaks can be viewed as evidence for the presence
of a recombination center besides the EL2 in the analyzed
samples.

1 Introduction

Microwave detected photo induced current transient
spectroscopy (MD-PICTS) is a well-known tool for the
contact-less and non-destructive investigation of electrical
properties of defects in semiconductors [1-3]. Especially in
semi-insulating GaAs (SI-GaAs) positive and negative
PICTS peaks, which are mostly attributed to the EL2
defect, can be observed at temperatures above =350 K,
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whereas the exact peak maximum temperature depends on
the details of the applied PICTS data evaluation. The origin
of this negative PICTS signal was addressed several times,
but so far not clarified completely [4-8]. Essentially, most
explanations involve a single deep level (usually the EL2),
which interacts with both bands.

Here we present a model which is able to explain the
measured dependence of the EL2 PICTS peak sign on
the acceptor concentration (i.e. the Fermi level in the
samples). The model assumes an additional recombina-
tion center (RC), which has been suggested several times
[9-11]. It will be shown that such a center is an
important precondition for the formation of negative EL2
peaks.

2 The rate equation system

According to Fig. 1, the rate equations take the form of
Eq. 1.

I"l:Gth+Gopt—Rbb—RAug+C—D (la)
Ij:Gth+Gopt_Rbb_RAug +E—-F (lb)
ir=E—F—C+D (1c)

Individual rates have the usual form.

G = [Nv — p]obbvn

x exp(—[Ec — Ev)/KT) [Nc — n] (22)

Rob = nowp v p (2b)

C =nro,vy (20)
x exp(—[Ec — E1]/kT) [Nc — n]

D =na, v, [Ny — ny] (2d)
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E =[Ny —plopvp e
X exp(—[ET — Ev]/kT) [NT — l’lT] (2 )

F=nro,v,p (2f)

Rayg = (Con+ Cpp) (np— ”12) (2g)

Here Ny and Nc are the effective densities of states for
the VB and CB, v, and v, the average thermal carrier
velocities, 0, and o, the cross sections of the defect
level for CB and VB interaction, oy, the radiative band—
band recombination cross section [12], C, and C, the
Auger coefficients and n; the intrinsic carrier concen-
tration. We take into account optical (G,p) and thermal
(Gy,) band-band generation as well as direct band—band
recombination (Rp,) and Auger recombination (Rgy).
However, thermal band-band generation and recombi-
nation play a minor role when defects with ¢, , # 0 are
present that allow much faster communication between
the bands and Auger recombination will be negligible
under low injection. Shockley-Read-Hall recombination
is modeled by the definition of a proper recombination
center (no lifetime parameter is present in the system).
The system is solved numerically for pulse (illumina-
tion) and transient using an adaptive-step-size routine.
The start occupations of all levels (in thermal equilib-
rium) are determined by calculating the Fermi level (Eg)
for a given level setup and temperature by computing
the root of the charge neutrality condition. So the sys-
tem starts at and relaxes back into thermal equilibrium
for every given temperature. In contrast to low tem-
perature studies of GaAs [11, 13] (e.g. simulations of
the EL2 photoquenching effect), where equilibrium
occupations of the bands are practically zero and can be
neglected, they are important for the simulation of
negative peaks for temperatures above 300 K, where
transients are known to show a drop below equilibrium
values [6].

4 A A CB
C D
JVT nrt —V
’ A Gth Gopt Rbb RAug
E F
4 v v VB

3 The negative EL2 peak in SI-GaAs

MD-PICTS measurements on several carbon and zinc-
doped SI-GaAs samples were performed using band—band
excitation [14]. The resulting PICTS spectra (Fig. 2) show
a clear Fermi level dependence of the negative peak effect.
For Eg well above EL2, a negative peak can be observed
while for lower Ex-values a positive peak is measured.

In order to investigate the conditions and system
parameters under which a negative peak occurs, we set up a
model according to Fig. 3. The expected relevant Fermi
level regime for the occurrence of a negative peak lies
sufficiently above the EL2*** level (Ec + 0.54 eV)
[15, 16] so that it is filled and its contributions can be
neglected. Additionally, a recombination center was used
to account for the short lifetime (~107°s) [5] in the
material. Donor and acceptor levels are used to tune the Ex
level (the Fermi level is not a parameter). As the measured
quantity in PICTS is the sample conductivity, we

2.0

PICTS signal [a.u.]

300 350 400 450

Fig. 2 Measured positive and negative EL2 PICTS-peaks. Peaks from
the experimental data [14] have been re-calculated for convenience
(here using an initial delay #; = 30 ps in PICTS spectra generation)
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0/—
+/0 ———RC

0.674eV 0.7eV
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Fig. 1 Semiconductor model with one artificial defect level and all
considered band-band and defect-band interactions
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Fig. 3 SI-GaAs model with EL2 and one recombination center (RC).
Ngro = 1.56 x 10%m™, Ngc = 1 x 10"cm™
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Fig. 4 Example simulation results extracted from the performed
calculations showing typical cases of a positive and negative peak for
different #; = 10 ... 200 ps. Upper panel: Er = 0.76 eV. Lower panel:
Er = 0.81 eV. The peak swap occurs around Eg = 0.78 eV. In both
calculations: 7, ,(RC) = 1.2 x 10™"%cm? ,(EL2) = 2 x 10™'® cm?,
6,(EL2) = 2.7 x 107'® cm?. The insets show the time dependence of
An(t),Ap(r) and (scaled down) Ac(z) around the peak maximum
temperature. Note that in the upper panel, An(r) is scaled by a factor of
3 and that in both insets Ap(¢) and Ac(¢) are shifted along the ordinate
for convenience

calculated the PICTS signal from the simulated conduc-
tivity change A = eo(p,An + p,Ap) using a mobility ratio
[17] of wn/p, = 20/1. As in the experimental investigation,
a carrier generation (light pulse) time of 1 ms was used and
PICTS data evaluation of the conductivity transients (sig-
nal after light cut-off) by a double-box-car technique [6,
18] with an initial time delay #; > 10 ps was applied.

4 Simulation results

Example results from two simulation runs are shown in
Fig. 4. In order to produce a negative peak, the

conductivity signal Ag(¢) has to have the form of that in the
inset in the lower panel of Fig. 4, thus follow An(r) (or
n(t) = ng + An(t)). Such a n(f)-behavior can be explained
as follows. During illumination, the EL2 acts as deep trap
(6, > 0),) and captures free electrons from the CB. After
light cut-off, n(f) shows a fast drop below the equilibrium
concentration, which is caused by recombination through
the RC, followed by a slow recovery originating in the
thermal release of trapped electrons by the EL2. This
mechanism can be verified by investigating the individual
rates C, D, E and F at the EL2 and RC (not shown) and is
supported by a parameter study explained below.

In a first simulation study, we varied the Fermi level
from 0.65 eV ... 0.91 eV to check for a peak-swap from
positive (low Eg) to negative (high Eg). Additionally, the
cross sections of the RC have been changed simultaneously
over a wide range from o, ,(RC) = 1071 .. 107 em?
The EL2 cross sections [17, 19, 20] were set to g, = 2.7
x 107'% cm?, op =2 X 107"® cm?. Also the optical gen-
eration rate was varied from 10" ... 10*° em s~ Since
it was found that variations of the light intensity do only
influence details of the pulse and transient forms but not the
principal nature of the results, we restrict ourselves in the
following to results from one parameter study, where the
generation rate (8 x 10'7 cm>s™') assures the minimal
injection to be Ag /gy > 1 for all combinations of 04,p(RC)
and FEFf.

Results are summarized in Fig. 5. It can be seen that for
Fermi levels well above the EL2, a negative peak can be
always found as long as ¢, ,(RC) > 0,(EL2), i.e. recombi-
nation is faster than electron capture by the EL2 defect. In
this study, negative peaks started to form for g, ,(RC) > 4 x
1071 ecm? (for 6,(EL2) = 2.7 x 107'® cm?). The Eg-value
for which a peak-swap from positive to negative occurs,
depends on the RC cross sections and is situated above
Erg = 0.7 eV, which is in accordance with our measure-
ments. For the minimal and maximal RC cross sections, for
which a negative peak can be found, the peak-swap occurs at
Fermi levels around 0.79 eV for g, ,(RC) =4 x 1071 cm?
and 0.73 eV for g, ,(RC) = 107" cm”.

Regarding lifetime, the calculations show that the
desired small value of about 210_9 s can be achieved with
0 p(RC) < 107" cm?. Nevertheless, also for smaller cross
sections (higher lifetime) a negative peak shows up, as long
as recombination is fast enough, as mentioned above.

In order to investigate the relation between the RC cross
sections (its recombination strength) and the electron cap-
ture cross section of the EL2 in a second study, we varied
d,(EL2) in the range 107 ... 107'% cm?® while setting Er
above the EL2 at 0.83 eV to ensure negative peak condi-
tions and holding ¢, ,(RC) constant at 107" cm?. As
o,(EL2) decreases, the positive EL2-peak swaps to a

negative one as soon as 0,(EL2) drops below 1071 cm?,
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Fig. 5 Dependence of the peak height (positive or negative) on the
Fermi level and the RC cross sections ¢, ,(RC) (values in the legend
in cm?). Peaks are calculated for ¢, = 30 s from the same simulation
data as in Fig. 4

i.e. the electron capture by the RC becomes faster than
capture by the EL2.

5 Explanation of peak-swaps with a simplified rate
equation model

The remaining question to be answered is the role of the

Fermi level regarding the observed peak-swaps. A look at

the calculated transients (insets Fig. 4) reveals that for both

the positive and negative peak, the An(z)-transient shows

“negative peak behavior” while the Ap(f) -transient would

give rise to a positive peak. As mentioned above, the signal

processed with PICTS data evaluation is the conductivity

change Ag = e (1, An + p1, Ap). As can be seen in Fig. 4,

the Egp-value influences the relative magnitudes of An and

Ap, thus giving rise to positive and negative peaks. A

qualitative explanation can be derived from a simplified trap

model [21]. The model compares a trap-free semiconductor
to a semiconductor containing a pure electron trap.

(i) Carrier dynamics in a trap-free semiconductor, having
its lifetime t (= 1, = 1,) determined by a SRH
center, can be described by the simplified rate equa-
tions 7= —-n/t+ Gy and p=—p/t+ Goy. In
steady state under illumination (#n = p = 0) the con-
centration of excess carriers is Any = Ap; = TGop.

(i1) If a non-zero concentration of electron traps is present,
the rate equations read n= —n/t+ Gopt + C—D,
np=—C+D and p = —p/7+ Gop, again assuming
the lifetime 7 for n and p. In steady state C — D = np =0
and the excess electron concentration is again
Any = 1 Gope = Any. Now, additional Ant electrons
are trapped and the conservation of charge requires
Am + A}’lT = Apz > Apl.
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The amount of trapped electrons and thus the ratio
taAn/p,Ap is determined by the initial occupation of the
trap and therefore by the Fermi level. For “high” Fermi
levels, less electrons can be captured as the trap is already
well occupied. Even though Ap > An because of the
presence of the trap, the mobility difference assures that
tnAn > p,Ap which results in a negative peak. For lower
Fermi levels the trap is less filled and captures more free
electrons. This leads to Ap > An and so w,An < p,Ap thus
giving rise to a positive peak.

6 Conclusion

The above investigations have reproduced the measured
Er-dependence of the PICTS peak-swap from positive to
negative sign and support the proposed model for the for-
mation of a negative EL2 peak. The negative peak could be
observed over a rather broad range of cross section values
for EL2 and RC, while the relevant Fermi level regime
for a peak-swap is relatively constant between
~0.7 ... 0.8 eV. The only requirements for the negative
EL2 peak can therefore be formulated as (i) a deep trap
state (the EL2 with ¢, < 0,,) and (ii) a fast recombination
channel (faster than the electron capture by the trap). (iii)
The appearance of a negative peak depends on the Fermi
level before illumination. The third condition has been
explained by a simple trap model.

The assumption of a fast RC, as is used here, has been
widely discussed. Some authors have argued that the EL2
itself should be viewed as the recombination center [22].
As this may very well be the case (since oy, o, # 0), the
observed effect of negative peaks and its relation to the
Fermi level could not be reproduced with only one center,
either RC or EL2 alone, in all our calculations.
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