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Abstract 

Thermally stimulated current spectroscopy (TS¢) 
reveals" at least six traps in LEC semi-insulating 
GaAs. The relative concentrations of the traps are 
related to the native defect complexes expected 
from growth stoichiometry and subsequent anneal- 
ing conditions. Variations of the sample conditions 
prior to the TSC scan are found to provide some 
evidence as to the nature of the traps observed and 
also appear to cause photo-induced deject reac- 
tions. 

1. Introduction 

Native defects in LEC-grown (liquid-encapsu- 
lated Czochralski) undoped semi-insulating (SI)- 
GaAs play an important role in its semi-insulating 
properties (involving compensation of EL2), the 
luminescence lifetime, and in field effect transis- 
tor device performance (such as voltage threshold 
variation due to the inhomogeneous distribution 
of these native defects) [1-3]. A universally 
agreed model of EL2, the main native defect in 
SI-GaAs, has not yet been established although 
several techniques have been applied to study 
these antisite-related defect complexes that 
involve arsenic on a gallium site [4]. Other native 
defects, such as GaA~ , VA~ , Vcia, As i and their com- 
plexes have been examined by investigating their 
occurrence under different growth and annealing 
conditions. Techniques used include tempera- 
ture-dependent Hall effect (TDH), deep level 
transient spectroscopy (DLTS) and photolumi- 
nescence (PL)measurements [5]. 

In this paper thermally stimulated current (TSC) 
[6-8] is shown to be very suitable for trap studies 
in semi-insulating GaAs materials, although 
subject to certain limitations that we discuss. Suit- 
able sample preparation and measurement condi- 
tions are first described. The metalization 
technique we used allowed the study of as-grown 

defects in SI-GaAs, since no heat treatment was 
involved. We present observations related to 
samples with different stoichiometries and 
annealing treatments. Measurement conditions 
examined included the effects of biasing polarity 
changes, light intensity variations, the illumina- 
tion time at 90 K, the starting temperature (from 
which the sample is cooled down to 90 K after a 
previous run of a TSC measurement) and the wait- 
ing time between interrupting illumination and 
starting the thermal scan. The results allow us to 
speculate as to the identity of four main traps (T_,, 
T,~, T 5 and T~,) observed in the TSC spectra of 
bulk GaAs. 

2. Experimental technique and measurement 
conditions 

The Schottky barrier structure used in the 
photo-induced transient spectroscopy (TSC) 
measurements was the same as that used in PITS 
measurements {9]. Thin circular dots of Au-Ge 
or gold (about 500 A thick and 0.7 mm in diam- 
eter) were deposited on the front face of each 
sample, of thickness about 400 /xm, by thermal 
evaporation through a metal mask under high 
vacuum. Before evaporation the samples were 
degreased with organic solvents and etched with 
H2SO4:H202 :H,O (5:1:1 by volume) to remove a 
surface layer of a few micrometers. The sample 
was usually LEC semi-insulating material in the 
as-grown, or ingot-annealed, condition. Some 
samples, however, had been silicon implanted 
and annealed and the activation efficiency deter- 
mined. The implanted layer was removed in the 
etching process before TSC measurements. The 
samples were mounted on a TO-5 header with 
silver epoxy on the opposite face and the as- 
deposited contacts were wire bonded by ultra- 
sonic bonding. As-deposited contacts with this 
sandwich geometry structure were found to show 
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larger photocurrents at lower temperatures than 
alloyed contacts and quite small dark currents at 
elevated temperatures (up to 250 K), which leads 
to a sensitive TSC measurement. Since the SI- 
GaAs sample experiences no significant heat 
treatment during evaporation of the thin Au-Ge 
or gold layer for the as-deposited contact, it is 
assumed that the native defects in as-grown SI- 
GaAs survive unchanged and can be charac- 
terized. The TO-5 header with sample was 
mounted on a liquid nitrogen cooled finger in a 
cryostat with a quartz window. A copper-con- 
stantin thermocouple was fixed on the finger 
close to the TO-5 header. Above-bandgap excita- 
tion light of a range of intensities was provided by 
a He-Ne  laser (1.96 eV, 7.5 roW), through an 
~ttenuator. The excitation spot was adjusted by a 
lens to be larger than the as-deposited metal dot. 
The thermally stimulated currents were measured 
by a Keithley Model 616 electrometer. The TSC 
and temperature data were stored and processed 
by an HP 9836 computer through a digital multi- 
meter (HP 3478A) and a system voltmeter (HP 
3437A). To eliminate any moisture on the sample 
surface the sample was first baked at about 
100 °C for 15 min in the cryostat and then cooled 
down to the lowest temperature (about 90 K). 
When the photocurrent at around 90 K reached a 
stable value after sufficient illumination time 
(greater than 10 min), the thermal scan with an 
average heating rate from 0.1 K s- ~ to 0.3 K s 
was started and the TSC spectrum was recorded 
for the temperature range 90 to 250 K. At tem- 
peratures above 250 K the increase in dark cur- 
rent, which is due to the thermal ionization of 
electrons from the main deep donor (EL2), did 

not allow the observation of very deep traps, The 
sample was usually warmed up to about 100 °C 
and cooled down again for the next measurement 
run (to ensure uniform starting conditions), In 
TSC measurements, the d.c. current which corre- 
sponds to the thermal release of carriers from 
traps is recorded as a function of temperature 
after only one optical excitation at low tempera- 
lure. Therefore the conditions reported for TSC 
measurement should include (11 the energy of 
optical excitation, (2) the illumination tempera- 
ture and (3) the heating rate, on which the posi- 
tion and height of a TSC peak are dependent II 0]. 
Other conditions, however, are also found to 
have a significant effect on the TSC spectrum. 
They include (4) the biasing polarity, (5) the 
illumination time, (6) the starting temperature, 
from which the sample is cooled down to about 
90 K after a previous run of TSC measurement, 
(7) the waiting time between the interruption of 
the light excitation and the start of the thermal 
scan and (8) the intensity of light excitation. The 
behavior when conditions (41-(81 are varied 
provides useful information that in general has 
not been available before. 

The samples used in the study were taken from 
undoped SI-GaAs ingots prepared by both high 
pressure LEC and low pressure LEC, and from 
different melt stoichiometries (i.e. arsenic-rich 
and gallium-rich growth melts). A post-growth 
thermal process had been applied by the manu- 
facturer to the as-grown SI-GaAs ingots in order 
to reduce stress and improve homogeneity in all 
the crystals [ 10]. To investigate the effect of fur- 
ther anneal on the traps, two samples were given 
wafer anneals before the TSC measurements. 

TABLE l Summary. of samples  used in the s tudy 

Sample.s (;rowth Melt lherrnal history 
technique s'toichiometr3 

Electrical properties + 

,~) 
{ohm cm) 

I t  
(cm e c\" s:= =, 

5"i implant ~ 
activation (~ /[3) 
<Si >,  15(t KeV, 
3 ×  lO~Zcm ':~ 

(16@' HP-LEC As-r ich As-grown 5.6 × 1 (17 
(198 LP-LEC Less  As-r ich As-grown 3 × 1 (P 
113 HP-LEC As-r ich  As-grown 1.3 x 107 
059 HP-LEC Ga-rich As-grown 4.7 x 107 
()55 ~' HP-LEC As-r ich As-grown + wafer > 1 x 1 (17 

anneal  (850 °C, (1.5 h 
in arsenic over- 
pressure  ambient)  

066 A" HP-LEC As-r ich As-grown + wafer > 1 x 107 
anneal  (695 °C, 51 h 

098 A LP-LEC Less  As-r ich  in l-l: flow) > 1 × 107 

697(/ 
5000 
6890  
6690  

9(t4 
2263 

78(t 
1010 

904 

"Samples (166,055 and 066 A are taken from same ingot but  with different thermal  history. 
h From measu remen t s  on adjacent  wafers of  the same ingot. 



One annealed sample was obtained from a silicon- 
implanted and activated sample by removing the 
silicon-implanted layer. For activation the sample 
underwent capless annealing at 850 °C for 0.5 h 
in an arsenic overpressure ambient. The second 
sample underwent proximity annealing (two 
specimens placed face to face) at 695 °C for 51 h 
with hydrogen flow. The conditions for growth 
and annealing for all samples are listed in Table 1 
together with some information about the elec- 
trical properties and the silicon implant activa- 
tion. 

3. Results and discussion 

3.1. Typical TSC spectra and assignment of trap 
type 

Figures l(a) and l(b) show typical TSC spectra 
for both biasing polarities for two as-grown SI- 
GaAs samples (098 and 066/. The dark currents 
for the two biasing polarities are also shown. At 
least six traps designated Tj-T~ can be observed 
in the temperature range 90-250 K. In terms of 
the usual criterion for the assignment of type to 
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Fig. 1. TSC spectra for two semi-insulating GaAs specimens 
for the two directions of bias voltage: (a) sample 098. (b) 
sample 066. The dark currents for the two bias directions are 
also shown in (a). T:, T 4. T: and T, are considered to be hole 
traps and 3"~ to be an electron trap. 
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traps using intrinsic light and changing bias 
polarities [11, 121, T> T 4, T s and T, are hole 
traps and T~ is an electron trap. T3 cannot be 
assigned simply as a hole or electron trap since it 
appears in both biasing polarities with a small 
peak shift, as shown in Fig. l(b). Its behavior will 
be discussed later. 

3.2. The energy level and density q( main traps 
The maxima of a curve of thermally stimulated 

current vs. temperature can be correlated with the 
energy level of the trap while the trap densities 
can be obtained from the area under the curve. 
According to Bube [13], 

Nov k T,,~: 
Ei = k Tm In (1) 

where E, is the energy level of a given trap, 71, , the 
temperature at the current peak, N the effective 
density of states, o the capture cross-section, t, 
the thermal velocity of carriers, k Boltzmann's 
constant, and fl the heating rate during the ther- 
mal scan. The parameters N, t, and o are temper- 
ature dependent and related to carrier type. Two 
methods can be used for the determination of the 
energy level of a trap. Since eqn. (1) can be re- 
arranged as 

In Tin: _ Ej Nvok 
In (2) 

kL, L; 

E: can be determined from the Arrhenius plot of 
In iti,'-/fi t,s. 1 / itl,. Alternatively, with the tempera- 
ture dependence of N and v considered, eqn. ( 1 ) 
becomes 

~-4 " ~ x l 0 " o , )  
E,=kT;,  In i t  + I n "  (3) 

: L : 
o r  

/ ~  1 x l()lTop) 
Ej= ~/. In "'- + In Ei (4) 

for electron traps and hole traps respectively. For 
71, , > 100 K and with most reasonable values of o,1 
or Op, the first term in eqns. (3) or (4) dominates 
the second [14] and E i can be calculated approxi- 
mately using 

: ,  4 

E; = kTi, In lm (5) 
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The TSC spectra for sample 098 at four dif- 
ferent heating rates are shown in Fig. 2. The TSC 
measurements were also performed with below- 
bandgap light (E~, = 1.15 eV) using alloyed 
Au-Ge  contacts. As very similar spectra were 
obtained, we conclude that the traps observed by 
the 1.96 eV light (penetration depth about 0.3 
/~m) are essentially bulk traps. The energy levels 
for the traps Te, T3, T 5 and T 6 are determined by 
Arrhenius plots to be 0.49 eV, 0.44 eV, 0.26 eV 
and 0.21 eV respectively. The approximate calcu- 
lation, eqn. (5), provides energy levels for T,, T 3, 
T 5 and To, of 0.44 eV, 0.39 eV, 0.26 eV and 0.20 
eV respectively. The difference in the value of 
energy levels for T, and T~ determined by the two 
methods is a result of the contribution of the 
s~econd term in eqns. (3) and (4)in the calculation. 
Uncertainty in the measurement of the tempera- 
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Fig. 2. TSC spectra for different heating rates in the range 
0.1-0.35 K s '. The  high peaks correspond to high heating 
rates but the charge emission under each peak remains fairly 
independent  of the heating rate. 

ture of the sample will also contribute to the vari- 
ation in the determined values of the energy levels 
of the trap. However, the peak temperatures l~ in  
this study are quite close to the data seen in the 
literature as seen in Table 2. it should be noted 
that from Table 2 different methods used for the 
determination of trap depths result in different 
values, although nearly the same peak tempera- 
tures were obtained by the various authors. For 
this reason comparison with the energies of the 
EL or HL traps given by Martin et al. [17] and 
Mitonneau et al. [18] is difficult. However, infor- 
mation obtained by changing the measurement 
conditions and using different samples with dif- 
ferent stoichiometries and different annealing 
conditions will help us to speculate on the pos- 
sible nature of the main traps in SI-GaAs. 

In TSC, characterization of the density of traps 
Nr can be determined very approximately from 
the charge emitted, given by the area 
(current x time) of the emission hump divided by 
the effective volume of the crystal that may be 
regarded as having completely filled traps. With 
above-bandgap excitation the carrier generation 
will be restricted to a small fraction of the total 
volume. Allowing for a diffusion length of a few 
micrometers the effective depth and volume may 
be estimated to be about 1 () ~ of the total depth 
or volume. The estimated trap densities for the 
four main traps T2, T> T 5 and T~, for different 
samples are shown in Table 3, and are in the mid- 
10 ~5 to 10 ~7 cm -3 range. Studies of the TSC emis- 
sion charge with below-bandgap excitation with a 
longer penetration depth indicated rather similar 
trap densities. 

TABLE 2 Survey of TSC studies for semi-insulating GaAs 

Author Methods Samples Excitation [S('peaks/?)'ap depths (K eV ~) 

A. L. L ine t  aL " 
(1976)[151 
A. L. Lin and R.H.  ~ 
Bube ( 1976)[161 
M. Tomozane and h 
Y. Nannichi ( 1986'; 
II3] 
M. Tomozane h 
etal.(1987)[8] 
This work 

HB-grown Intrinsic or 95 I I 1 126 141 156 191 212 25(1 
GaAs :O extrinsic light (I. 15 (I. 19 0.22 0.25 0.28 11 .35  0.45 0.53 
HB-grown Extrinsic light 105 124 141 156 191 212 250 
GaAs :Cr E~, = 0.86 eV 0.18 0.21 0.24 0.28 0.35 0.46 (I.53 
LEC-grown Intrinsic light 92 124 141 161 192 238 
SI-GaAs E~× > 1.77 eV (1.24 0.33 0.35 0.39 0.43 0.50 

LEC-grown Intrinsic light 94 118 142 161 200 218 
SI-GaAs E~,, > 1.77 eV 0.24 0.31 0.35 0.39 0A4 (I.46 
LEC-grown Intrinsic light 97 114 125 140 151 189 210 233 
SI-GaAs E,.~ = 1.96 eV 0.17 0.21 0.23 0.27 0.29 0.39 0.44 0.50 

"The trap depths were estimated from E, = 24 k T  m. 
bThe trap depths were obtained using the equation E, =k7111 ln(e#~N,/om) where k, e, N c and #,  arc Boltzmann's constant; 
electronic charge, effective density of states of the conduction band, and electron mobility, respectively. 7~, is the temperature for 
peak TSC and %1 is the conductivity at T m. 
cThe trap depths were estimated from E, = k T  m In ~,4/fi. 



TABLE 3 Estimated trap density from TSC charge emission 
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Sample T~ T; T~ L, 

/pAs) (cm ;) (pAs) (cm 3) 
Q N, Q N, 
(pA s) (cm 3) (pA s) (cm-;) 

(166 3685 2 x 1() I~' 
098 7700 4.2 x 10 I(' 
113 4576 2.5 × 1 0 "  
059 17280 9.4 x 10" 

885 4.8 x 1015 836 4.5 x 10" 
808 4.4 x 1() 15 642 3.5 x 1(115 
856 4.6 x 10 j~ 8411 4.5 x 1() ~ 

1748 9.5 x 1() j~ 2282 1.2 x 1(1 ~ 

The traps are believed to be native defects 
because of the dependencies on stoichiometry 
and because the impurity analysis of typical 
undoped SI-GaAs indicates that the concentra- 
tions of copper, iron and manganese measured by 
spark source mass spectrography are as low as 
0.01, 0,02 and 0.005 ppma respectively [19]. 

3.3. The effect of stoichiomet~ 
The electrical properties of high purity GaAs 

LEC-grown in pyrolytic boron nitride crucibles 
can be controlled by the melt composition which 
is represented by the fraction of arsenic atoms, 
in the melt. There exists a critical melt composi- 
tion, f~ -- 0.475, above which GaAs is SI or very 
slightly n type with EL2 or EL6 the dominant 
donor [20, 21] and below which it is markedly p 
type, with CA~ or GaA~ the dominant acceptor 
[20]. TSC spectra for SI-GaAs samples grown 
under different stoichiometric conditions are 
presented in Figs. 3 and 4. Figure 3 shows two 
TSC spectra, one for sample 113, which was 
taken from a slightly arsenic-rich melt-grown 
ingot and the other for sample 059 which was 
taken from a slightly gallium-rich melt-grown 
ingot. Both ingots were grown by the high pres- 
sure (HP-) LEC technique. Figure 4 shows two 
other TSC spectra, one for sample 066, which 
was taken from an ingot with a diameter of 3 in, 
grown by the HP-LEC technique, and which 
revealed good silicon-implant activation effici- 
ency, and the other for sample 098, which was 
taken from an ingot with a diameter of 2 in, 
grown by the low pressure (LP-) LEC technique, 
and which showed a poor Si-implant activation 
efficiency. It is assumed that the melt for the 
growth of the 3 in HP-LEC ingot was richer in 
arsenic than the melt for the growth of the 2 in 
LP-LEC ingot since the higher ambient pressure 
in the HP-LEC technique reduces arsenic loss 
from the melt. Trap T~ dominates trap T3 in the 
samples with an arsenic-rich stoichiometry and 
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p=75mW {~ =01K,sec 

4 0 -  Sample 059 

Ga-rich inert 

o 20- I 

L AS rich me t ; 
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1~0 1~0 2~0 250 
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Fig. 3. Spectra for specimens from gallium-rich and arsenic- 
rich melts suggest that T~ may be a defect related to arsenic 
vacancies. 
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Fig. 4. Wafers with poorer activation efficiency for silicon- 
implanted atoms tend to show a high density of T~. Presum- 
ably the high density of arsenic-vacancy-related traps allows 
more silicon to end up on arsenic sites. 

trap T~ dominates the trap T 2 in the samples with 
gallium-rich stoichiometry. This suggests that T~ 
is related to V(~, defects and T~ is related to VA~ 
defects. Single Vo, defects are probably not stable 
at room temperature {22] and with interstitial 
arsenic convert to AsG~ ,. From eqn, (5) an energy 
level for T~ of 0.44 eV is obtained. However, this 
becomes 0.54 eV after a capture cross-section 
correction is included using eqn. (4) and an esti- 



402 

mated op of 10 ~ cm:. These values are very 
close to the energy level of Aso~, + + [23], and so 
the trap T~ is tentatively identified to be the 
doubly ionized antisite defect As(s,; the core of 
EL2. For trap T~ (0.40 eV ) we have two options: 
one is VA~ according to the work of Thomas et al. 
[24J, who found that L E e  GaAs grown in a 
gallium-rich melt was n type provided that boron 
concentrations were kept low and they obtained 
an activation energy of 0.45 eV by temperature- 
dependent Hall measurements. The other possi- 
bility is that T3 is (Ga..x -V~j~,) where gAs has been 
transformed by a nearest neighbor hop of gal- 
lium. Such traps are expected from the studies of 
Wagner and Van Vechten i251 and of Baraff and 
Schluter [261. 

The appearance of T3 in both positively and 
negatively biased TSC spectra (see Figs. l(a) and 
l(b)) suggests that both V~,~ (a deep donor) and 
GaAs-Vo, (a deep acceptor) contribute to the 
TSC signal at a temperature around 188 K and 
that T~ is composed of two traps, one an electron 
trap resulting from VA~ and the other a hole trap 
resulting from GaA~-V~,. Neither can the possi- 
bility that oxygen may be involved [27, 28] in T; 
instead of V~s be excluded. 

3.4. ~lhe effect of  the starting temperature 
Our TSC measurements were limited to the 

temperature range from 90-250 K, with the 
upper temperature limited by the rapid increase 
in the dark current, which is dominated by the 
ionization of the main deep donor EL2. Thus 
traps deeper than Tl were not fully observed. The 
starting temperature from which the sample is 
rapidly cooled down to the lowest temperature 
(about 90 K) after a previous TSC measurement 
run has a significant effect on the resultant TSC 
spectra. Typical results for positive and negative 
biasing conditions are shown in Figs. 5(a) and 
5(b). When the starting temperature is increased 
from 247 to 373 K, the ratios of the peak heights, 
i.e. T3/T 2 in the positive bias case and T~/T I in 
the negative bias case, increase. The ratios change 
basically because the increase in the starting tem- 
perature results in an increase in T 3 and de- 
creases in T 2 and T~. The peak heights of T 5 and 
T~ do not change with the starting temperature. 

The behavior of T3 is not understood and a 
possible interpretation is hindered by the sus- 
picion that it may be a composite of two defects 
with the ability to trap both electrons and holes. 
However, the effect of the increased starting tern- 

30 7Tq 

r 2,7 K / .... ' , 12 'i 
,j \ /// v i 

0_L_~ i 
,oo ,;o ~o 2~o 

Temperature (K) 

30 

o 

I x 
Sample 098 ( b ) /~'N~I 1 
P = 4 7 m W  [~ = 0 1 K / s e e  
V o =-12 V I ' / '\ 

s ar . 2 8 6 K \  \ \ /  T 

1 0 247 K \ i 

1 0 0  1 5 0  2 0 0  250 

Temperature (K) 

Fig. 5. The effect of holding the specimen at a high tempera- 
ture (373 K) before rapid cooling to 90 K, and illumination, 
is to increase the height of the TSC peak for Ta. The develop- 
ment of more arsenic vacancies might account for this effect, 
which is observed for both directions of voltage bias: (a) posi- 
tive bias, (b) negative bias. 

perature ~s to empty any traps that may be deeper 
than T~ and to cause more and more ionization of 
EL2 (Tmax = 288 K) by transition from EL2 ° to 
EL2 + and EL2 ++. The effect of the starting 
temperature on the TSC spectra, i.e. on the T3/T2 
and T3/T 1 ratios, suggests that extra VA~ can be 
created by the ionization of EL2, since T3 is 
possibly related to VAs (from the discussion in the 
last section). Several antisite defect complex 
models such as ASGaVAs [29], ASGaVGaVAs [25], 
Aso~VA~Voa [30] and Aso~,Asi [4] have been sug- 
gested for the atomic configuration of EL2 with 
ASGa as the core. 

The essence of the above suggestion is that the 
density of the trap T~ is increased by the 
increased starting temperature. Alternatively, it 
may be that T 3 is of constant density and is 
merely more effectively filled by exposure to 
illumination at 90 K after sitting at starting 
temperatures in the range of 247-373 K. This, 
however, is hard to reconcile with the subsequent 
emission range 170-190 K in the TSC ramp. 



Another speculation is that holding the speci- 
men at 373 K allows the development of VA~ by 
the creation of Asi, perhaps with condensation of 
As~ on dislocations, and the increased concentra- 
tion of VA~-related defects then gives an increased 
T 3 signature. Whether an impurity such as oxygen 
contributes to this process is not known, although 
oxygen on the surface of GaAs is known to create 
free arsenic. 

3.5. The effects" of  annealing 
The TSC measurements were performed on 

three samples with different thermal histories. 
Sample 066 was taken from an as-grown SI- 
GaAs ingot grown from an arsenic-rich melt 
under high pressure. Sample 055, which was 
taken from the same ingot, was a silicon- 
implanted and activated sample but with the 
implanted layer removed by chemical etching. 
The implant conditions were SI- , 150 keV and 
3 x 1 ()~e cm-:,  and the activation conditions were 
a capless anneal at 850 °C for 30 min in an ar- 
senic overpressure ambient. Sample 066A, taken 
from the same wafer as sample 066, was sub- 
jected to annealing in a covered boat at 695 °C 
for 51 h under hydrogen flow in wafer proximity 
fashion, followed by fast cooling. The TSC spec- 
tral structures in Fig. 6 show that the anneal 
caused ~I'~ to increase with the ratio of T3/T 2 de- 
creasing and T~ and T(, to decrease. The effect of 
the long-term anneal may be explained in the 
following way. In as-grown SI-GaAs there exists a 
large concentration of VOa and VA~ which behave 
as hole traps. ASoa ++ and GaA~Vo, appear in the 
TSC spectrum at positive bias conditions as 
To and T~. During long-term wafer anneal, 
several defect- or impurity-involved reactions, 
i.e. VA, + Gao~ , = G a s ,  + VGa, Voa + AS i = Aso, ,, 
VA, + Asi = ASA, and V~a + Cu i = CuG, can cause 
the annihilation of gallium and arsenic vacancies, 
since the existence of As~ in as-grown SI-GaAs 
and the introduction of Cu~ during wafer anneal- 
ing are easily understood. The fast cooling which 
follows the long annealing, tends to freeze the 
substituted atomic configurations formed during 
the annealing process. The net result is a decrease 
in the trap (T~) which is (GaA,--VGa) derived from 
VA~ by a gallium hop, and an increase in the Aso~ ~- 
related trap (T2). The decrease in T 5 and T,,, 
which is accompanied by the decrease in T 3 and 
the increase in T2, further confirms that T s and Tr, 
are also vacancy related, as found in PITS 
studies [9]. In that work T5 and T(, are ascribed 
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above the valence band edge. This defect center may be As(,, 
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to V~} a and Gaa~ respectively, since both of 
them can be created by the reaction 
VA~+Gao~ ,=GaA~+ Vo, r through the nearest 
neighbor hopping of a gallium atom during the 
long-term illumination at 90 K. The photolumi- 
nescence spectra at 4.2 K for two proximity- 
annealed SI-GaAs samples (066A and 098A) 
shown in Fig. 7 indicate some evidence of the 
occurrence of the GaA~ and copper-related PL 
emissions. Before the 695 °C, 51 h anneal under 
hydrogen flow, the features that can be observed 
for both samples in the band edge region of the 
4.2 K PL spectra, include the bound excitons at 
1.512 and 1.514 eV, and the CA~ features at 1.494 
eV (e-Ca~) and 1.491 eV (D°-Ca~) and the 
phonon replica at 1.457 eV (CA~ + LO). However, 
after annealing, as can be seen from Fig. 7, new 
PL features appear with the bound exciton X~ at 
1.510 eV, the bound exciton X, at 1.508 eV, the 
Gaa.~-related PL emission at 1.450 eV and the 
copper-related PL emissions at 1.345 and 1.360 
eV. The appearance of the bound excitons (X 1 
and Xz) and the Ga,~-related emissions is in 
agreement with the results reported by Yu et al. 
[31]in electrically reversible bulk GaAs annealed 
by 950°C quenching or 950°C slow cooling 
procedures. In contrast with their result two dif- 
ferent copper-related emissions were observed 
with the 1.345 eV emission accompanied by a 
stronger 1.450 eV emission for sample (066A) 
grown by the HP-LEC technique and the 1.360 
eV emission accompanied by a weaker 1.450 eV 
emission for sample (098A) grown by the LP- 
LEC technique. These observations are in agree- 
ment with our findings for annealed HB n-type 
GaAs ]32]. The two copper-related emissions 
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with different intensities of the accompanying 
1.450 eV emission imply a different defect struc- 
ture in as-grown SI-GaAs produced by HP- and 
LP-LEC techniques. 

3.6. Further comparison of as-grown and 
annealed SI-GaAs 

To further our understanding of the possible 
nature of the main traps (T2, T3, T5 and T(~) 
observed in TSC spectra and to help elucidate the 
photo-induced photocurrent enhancement 
observed in PITS studies [9] ,  the TSC 
measurements were performed with changes of 
the light intensities and the illumination times on 
two different samples--one an as-grown SI-GaAs 
(066) specimen and the other an annealed 
(695 °C, 51 h) S1-GaAs (066A) specimen (both of 
them taken from same wafer). During the illumi- 
nation at 90 K, the photocurrent responses were 
also measured for the two samples. 

3.6.1. The effect of light intensity 
Figures 8(a) and 8(b) present the photocurrent 

responses at different light intensities for the as- 
grown sample (066) and the annealed sample 
(066Aj respectively. As can be seen from Fig. 
8( aJ a "two-plateau" structure with the time dura- 
tion of the first plateau inversely proportional to 
the light intensity can be observed. However, no 
such "'two-plateau" structure can be observed on 
the annealed SI-GaAs (Fig. 8(b)). The difference 
in the behavior of the photocurrent response 
reflects the difference in defect constitution. 
Figures 9(a) and 9(b) show the TSC spectra with 
long-term illumination at 90 K (greater than 10 
rain) at different light intensities for the two 
samples..As can be seen from Fig. 9(a), the peak 
height of T 5 is gradually increased by increasing 
the light intensity, as compared with the other 
traps (T 2, T 3 and T~). However. from Fig. 9{b) no 
such development can be observed for any traps, 
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except for some feature changes around 90 K. 
This result indicates that the photocurrent 
enhancement behavior (i.e. two-plateau structure 
in photocurrent response) might be related to the 
development of some traps, including Ts, as 
suggested in previous PITS studies [9]. 

3.6.2. 7he effect of the illumination time 
TSC measurements were performed with dif- 

ferent illumination times ranging from 5 s to about 
! 10 s which correspond to transition times from 
the first plateau to the second plateau in the 
photocurrent response, labeled A, B, C, D and E 
in Figs. 8(a) and 8(b)(although without a "two- 
plateau" structure in Fig. 8(b)). These TSC results 
are shown in Fig. 10(a) and 10(b). For the as- 
grown SI-GaAs sample, Fig. 10(a), the increasing 
illumination time results in (1) the development 
of the peak heights of T2, T4, T s and T6, (2) 
almost no change in peak height for T3, but a 
peak shift to higher temperature, and (3) a de- 
crease in the peak height of T 7 and Ts*. However, 
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Fig. 9. Effects of varying light intensity on the TSC spectra. 
In (a) for the as-grown specimen, 066, the peak T5 is seen to 
increase with increase in light intensity and there is also a 
change in T 2. However, after annealing (b) (specimen 066A) 
the peaks T(, and T~ have been suppressed and T~ is lost in 
the shoulder of T 2, which has almost doubled in concentra- 
tion. It is possible that T~ has been formed by arsenic intersti- 
rials entering vacant gallium sites. 

for the annealed SI-GaAs sample, Fig. 10(b), 
increasing illumination time results in only the 
same increase in peak height for all traps with no 
suppression. The relative increases in peak 
heights for T2, T 5 and T~, in the as-grown SI-GaAs 
sample are much larger than those in the 
annealed SI-GaAs sample. To explain the differ- 
ence in the photocurrent response at 90 K and in 
the TSC spectra with increasing illumination time 
for the two samples with different thermal history, 
we suggest a mechanism of reversible photo- 
induced defect reactions, as responsible for the 
change in the trap and the recombination center 
by illumination at low temperature, rather than 
offering a mechanism which is associated only 
with increased carrier trapping [33, 34]. An 
increased carrier trapping mechanism cannot 
readily explain the suppression of some traps (T  7 

and Ts* ) and the absence of any change in trap 
T 3. Differences in hole capture cross-section 
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Traps T 5 and T 6 are seen to be reduced by the anneal and T 2 
greatly increased. Increased illumination may be doing some- 
thing more to the concentrations of traps T5 and T6 than 
merely increasing their filling ratio. 

might be involved, but they are expected to be of 
nearly the same order (10-15-10 -14 cm2), from 
cross-section measurements for HM1 (As~, + +), 
HL5 (Level A in LPE-GaAs) and HL12, HB6 or 
H1 (VGa-related) and the probability that T2, T3 
and T 5 are related to these traps studied earlier in 
doped GaAs. 

Although the detailed processes and equilibria 
of the photo-induced defect reactions are 
unknown at present, it seems that the related 
defects include the main intrinsic point defects: 
V A s ,  V G a ,  GaA~, Asca and As i and the complexes 
associated with them. The following reactions 
could be involved 

[VA,-VG. ] = VA,(T 3 ) + VGa(T s) 

VAs + Ga{~ a = GaA,(T 6) + VG.(T 5) 

VAs + Gaoa = [GaA.,-VGa](T3) 

V~a + Asi = Asia(T2) 

(6) 

(7) 

(8) 
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Fig. 1 I. These spectra show the effect of waiting time (/)--21 
rain) on specimen 066 between turn-off of illumination at 90 
K and the start of the TSC temperature ramp. From the varia- 
tion of the peak height of T(, it is possible to estimate a cap- 
ture cross-section of 5 x 10 ~7 cm ~_ for the process 
Gaa, + evt~ ~ GaA~" + P, 

Before illumination, some intrinsic point defects 
complex with each other, for example to create 
[VA~-VGa], which could play a role in recombina- 
tion action, but after long-term illumination the 
center may be separated into individual point 
defects, causing photocurrent enhancement at 90 
K and the development of related traps (T:, T~ 
and T~,). 

However, for the SI-GaAs which experienced 
a long-term anneal, the vacancy-related point 
defects, such as VA~ or Va~-V(ia, are already 
annihilated by the mobile species (Asi and/or 
Cu~). Therefore no photoinduced defect reactions 
would be expected and the carrier trapping 
mechanism might dominate the illumination 
process. From this point of view, the long-term 
annealed SI-GaAs material is more stable than 
the as-grown SI-GaAs material. 

3. 7. 7he effect of  the waiting time 
In TSC spectroscopy not all of the carriers 

captured by a trap will be released unless the 
temperature is raised past the peak temperature, 
corresponding to the maximum trap emission 
current. The thermal cleaning technique used in 
TSC measurements is based on this principle. As 
can be seen in Fig. 11, the waiting time at 90 K, 
i.e. the time between interrupting the illumination 
and starting the thermal scan, affects the peak 
height of T 3 and T~,. The T¢, peak we believe is 
related to the emission of holes to the valence 
band by the reaction 

GaA~ +eVB ~ Gaa~ 7- + p  (10) 

This process is at its peak at a temperature of 



4(17 

about 113-115 K and corresponds to a trap acti- 
vation energy of Ev+0.21 eV (obtained either 
from an Arrhenius plot or from the initial rise 
technique) [35]. However, this emission is taking 
place at a slow rate during the waiting time at 90 
K and 

Ivsc - d p  _ ep(90 K) N( t)~;, , (11) 
• dt "" 

where ep(90 K) is the emission rate at 90 K and 
N(t)~; ..... is the concentration of the trap GaA.~ at 
time t. The emission coefficient we assume to be 
given by 

ep = OpV,hN,. exp( - 0 . 2 1 / k T )  (12) 

where Op is the capture cross-section (at T), V,h 
is the thermal velocity at 7; and N~ is the effec- 
tive density of states of the valence band. The 
holes (density) emitted in time At are equal to 
- AN(I;,,,, from eqn. (10). Hence 

1 
N(t~) dN(t)= - e p d t  (13) 

and so 

N(t)  = N( t  = 0)( 1 - exp( - ept)) (14) 

When the charge emitted for peak T6 is plotted as 
a function of time the slope obtained is 9 × 10-4 
s 1 corresponding to a characteristic time at 90 K 
of 1100 s. This time constant is even more readily 
obtained by plotting the height of the T6 peak vs. 
waiting time t w. Equation (12) then yields 
5 x 10 17 cm 2 for Op(90 K). This is a plausible 
value for a process involving the capture of a 
second electron. An independent determination, 
for comparison, has not been found in the litera- 
ture. 

It may be noted that for the first-electron 
capture process 

" ----+ GaA~ + (15) GaA~ + eVB P 

a study [36] has shown o~ to be 7.1 × 10 15 cm 3 
and 

Op=7.1 × 10 ~5 exp( -0 .050/kT)  (16) 

hence O-p(90 K) for Gaa~ °/ is inferred to be 
1.1 x 10 ~7 cm 2, which is not too dissimilar from 
our value for second-electron capture. 

Peak T) has been studied by a similar tech- 
nique after cleaning traps discharging at lower 
temperatures and then maintaining the tempera- 

ture at 160 K before starting the TSC scan. The 
slope of the rising edge of current [35] then gave 
an energy level of 0.42 eV, which matched the 
0.44 eV that was obtained with an Arrhenius plot 
and is close to the 0.39 eV given in Table 2 
obtained from eqn. (5). By variation of the waiting 
time at 160 K, in the range 1-35 min, the capture 
cross-section of T 3 at 160 K was estimated to be 
3 x 10 l~, cm 2 assuming T~ is an electron trap (or 
5 times smaller if T~ is a hole trap). 

4. C o n c l u s i o n s  

TSC spectroscopy has been used to charac- 
terize the traps in SI-GaAs. At least six traps can 
be observed in the temperature range from 90 to 
240 K using basic measurement conditions, i.e. 
excitation light of 1.96 eV, a sufficiently long illu- 
mination time (greater than 10 min) and an aver- 
age heating rate of 0.1 K s ~. By changing the bias 
polarity, TE is assigned to an electron trap, T2, T4, 
T 5 and T~ are assigned to hole traps and T 3 might 
be related to both hole and electron trapping 
action. The energy levels for T 2, T_~, T 5, T(, are 
0.49 eV, 0.44 eV, 0.26 eV and 0.21 eV respec- 
tively, determined by Arrhenius plots of nTm2/fl 
vs. l i t  m. These values are close to the energy 
levels calculated using the approximate equation 
E i = kTmnTm4/fl .  The densities of the main traps 
(T2, T3, Ts and To,) are in the range of mid-10 t~ to 
10 j7 cm 3, which are not easily accounted for by 
residual metal impurities, such as copper, iron, 
manganese etc. Through comparison of the TSC 
spectra for samples with different stoichiometry 
and different thermal history, T> T3, Ts and T~, 
are tentatively identified as AsG,~ + +, GaA~V(~ (or 
VA~), VG~ and GaA~- respectively. By further 
studying the effect of the light intensity and the 
illumination time on the TSC spectra obtained 
from an as-grown and an annealed SI-GaAs 
sample a mechanism of photo-induced defect 
reaction is suggested to interpret the two-plateau 
structure in the photocurrent response at 90 K. 
The defect reactions during illumination might be 
associated with the vacancy-related defects, such 
as VA~-V(~ and VA~, and the hopping mechanism 
of nearest neighbor Ga and As~ atoms. 
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