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Deep level transient spectroscopy (DLTS) and capacitance-voltage measurements at various 
temperatures have been used to characterize defects in S&doped (Gal -,Al,) i-,Jn+ materials 
for x=0.3 and different values of y (0, 0.005, and 0.07). We only detect DX centers, those 
associated with the doping impurity (Si), but also others associated with Te and, eventually, Sn 
not introduced intentionally. When the experimental conditions are chosen to obtain exponential 
transients, the shape of the DLTS spectrum and its variation with the tilling pulse duration can 
be accounted for by this contamination; i.e., no sign of the so-called alloying effect is detected. 

I. INTRODUCTION 
GaAlAs alloys contain a defect, called DX center,’ 

directly related to the presence of the n-type doping impu- 
rity, which introduces spurious effects in electrical as well 
as optical devices. Its electronic properties have been ex- 
tensively studied (for a detailed description see Ref. 2). 
For this reason, various means have been attempted to 
suppress this defect. Kobayashi et ai.3 reported the reduc- 
tion of DX centers in GaAlAs alloys, in which In has been 
introduced, for particular alloy compositions. Typically, 
the concentration of the DX center in 
(Gal-&L) l-,&A s with y=O.O5 is found to be one order 
of magnitude lower in a x=0.3 material, but larger in a 
x=0.5 material, than in the corresponding alloys for y=O. 
The authors attribute this observation to a band-structural 
effect, stating without further justification that the DX con- 
centration should decrease near the I’, L crossover 
(around ~~0.4 in GaAlAs alloys), which is shifted near 
x=0.3 when In b=O.OS) is added. This result is discussed 
by Pann et aL4 who argue that the change in the DX con- 
centration is only apparent, i.e., related to the electron 
occupancy of the defect as a consequence of the variation 
of DX energy level relative to the bottom of the conduction 
band. In addition, Pann et aL4 observed a structure in the 
deep level transient spectroscopy (DLTS) spectrum for 
particular values of y. They conclude that the DX charac- 
teristics are sensitive to their local atomic configuration 
(the so-called alloying effect). The aim of this work is to 
study this question quantitatively, using DLTS, by measur- 
ing the DX energy level and the barrier associated with 
electron capture, in both In-doped and undoped alloys. It 
is also to investigate more closely the question of the so- 
called alloy disorder effect induced by In. 

II. SAMPLES AND TECHNIQUE 
The layers used in this study were grown by molecular 

beam epitaxy (MBE) on an nf-doped GaAs substrate. 

L)Permanent address: Laboratorio Associado de Sensores (INPE), Caixa 
Postal 515, 12201 Jod dos Campos, SP, Brazil. 

They are Si doped at a concentration No of the order of 
1016-1017 cmd3, as measured by capacitance-voltage (C- 
V) measurements (see Eig. 1) . Their Al content is identi- 
cal (x=0.30), while y varies from 0 (sample a: ND,=9 
x 1016 cms3) to 0.005 (sample b: NDb=4X 1016 cm-3) 
and 0.07 (sample c: N,,= 10” cmm3). 

Gold Schottky barriers are deposited on the surface to 
allow capacitance measurements (C-V) and DLTS while 
ohmic contacts are prepared on the substrate. As is well- 
known, the DLTS spectrum associated with the DX center 
is strongly distorted for a number of reasons, originating 
from physical characteristics of this defect as well as from 
experimental conditions under which it is recorded.5*6 In 
order to study quantitatively electron emission from this 
center, it is necessary to fulfill a number of conditions.6 The 
main one consists of filling only a small fraction of the 
center, i.e., to use very short filling pulses +,. Indeed, in this 
case, only a small fraction of DX centers are filled, which 
insures that neither the capture rate nor the capture barrier 
(which depends on band filling) vary during capture7 since 
the free electron concentration (difference between the 
doping concentration and the concentration of tilled DX 
centers) can then be considered to be constant. We there- 
fore used the smallest tp values compatible with the sensi- 
tivity of the experiment, namely l-50 p.s.. However, the 
amplitude AV of the filling pulse that is used is not small 
enough to avoid the enhancement of electron emission by 
the electric field.*-” Consequently, in order to compare 
spectra obtained for two different materials, we used ex- 
perimental conditions such that the electric field in the 
space-charge region is the same in both cases. 

III. RESULTS 

A. GaAlAs material 

A typical DLTS spectrum of a sample not doped with 
In (sample a) is shown in Fig. 2. It contains three peaks at 
130 (Pl), 160 (P2), and 210 K (P3) for an emission rate 
en=60 s-* in the temperature range studied (80-300 K). 
These peaks correspond to DX centers associated with dif- 
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FIG. 1. Free electron concentration at room temperature vs depth II’ in 
the various alloys (a) y=O, (b) 0.005, and (c) 0.07 as deduced from 
capacitance-voltage measurements. Wc is the width of the space charge 
region for 0 V bias [(a)0.07 pm; (b)0.14 pm; (c)O.019 pm]. 

ferent impurities: the Si doping impurity at 210 K and 
residual impurities; Te at 160 K and Sn at 130 K. This can 
be demonstrated by comparing the signatures (variation of 
e, vs T-‘) of these three peaks with the signatures ob- 
tained in materials intentionally doped with Si, Te, and Sn 
impurities (Fig. 3). The S&doped samples (x=0.30) were 
MBE grown, the Te-doped ones (x=0.25) were light emit- 
ting diodes grown by liquid phase epitaxy (LPE), and the 
Sn-doped ones (x=0.33) were grown by metalorganic 
chemical vapor deposition (MCVD). They were selected 
for these alloy compositions as close as possible from the x 
value of the samples studied in this work. The doping con- 
centrations, in the range 10*6-10’7 cme3, were chosen so 
that the same physical situation could be applied in the 
DLTS measurements. The relative amplitudes of these 
three peaks do not give the relative concentrations of the 
Si, Te, and Sn impurities because they are not filled with 

- . .ZE 
5 
e 23 
0 
a 

100 200 300 

TEMPERATURE (K) 

FIG. 2. DLTS spectra obtained for samples a and b. The reverse voltage 
is Vp - 1 V, the pulse amplitude AV=O.9 V, the filling pulse duration 
r,=50 JU, and the emission rate en=60 s-r. 
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FIG. 3. Variation of the emission rate e, vs temperature for the peaks Pl 
(0), P2 (0), and P3 (A) (see Fig. 2) observed in samples a and b 
obtained using the experimental conditions of Fig. 2. The signatures for 
the DX centers associated with Si, Te, and Sn (full lines) obtained in 
samples intentionally doped with these impurities are also given. 

the same rates. Indeed, the corresponding DA’ centers do 
not have the same values for the capture barrier. This can 
be easily illustrated by varying the filling duration, which 
results in a change in the relative amplitudes of the peaks. 
In Fig. 4, for instance, the DLTS spectrum contains the 
same Pl, P2, and P3 peaks as in Fig. 2 for $=20 pus 
exhibiting amplitudes increasing from Pl to P3. However, 
the DLTS spectrum for tp= 10 ms contains only the P3 
peak and a fraction of the P2 peak having both similar 
amplitude. This is due to the fact that the capture barrier is 
higher for the Si DX center than for the Te DX center. As 
a result, the Te DX center is filled for shorter tp values than 
the Si DX center (this will be detailed in the next section). 
Actually, the P2 amplitude is even larger than the P3 one 
because the P2 spectrum is truncated in the low- 
temperature range (what is observed is only the high- 
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FIG. 4. DLTS spectra in the y=O material (sample a). The experimental 
conditions (emission rate 21 s-t) are identical except for the filling pulse 
duration, which is 20 /JCLS (spectrum B, amplitude multiplied by 5) and 10 
ms (spectrum A), respectively. (Peak 2 appears at a slightly lower tem- 
perature than in Fig. 2 because the emission rate is slower.) 
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FIG. 5. Variation of the emission rate vs temperature for the peak Pl 
observed in samples a, b, and c obtained using tha experimental condi- 
tions of Fig. 2. 

temperature side of the peak), due to the strong drop in the 
filling factor below 160 K (this filling factor varies 
abruptly with temperature for a given filling time, as ex- 
plained in Ref. 6). 

We measured the. concentration ,of the Si”associated 
DX centers (P3 component)’ filled with a filling duration of 
50 ps; it,,is C,=9.5 X 1014 cme3. The P3 associated ioniza- 
tion en&$‘is Eta= 425 meV and the barrier B,=220 meV; 
quantities deduced respectively from the variations versus 
the inverse of the temperature of the emission rate (Fig. 5) 
and of the logarithm of the quantity - T’12 e,[l - (AC’/ 
Co>] (Ref. 11) where AC,,, is the peak- amplitude and AC, 
the peak amplitude corresponding to completely filled cen- 
ters (Fig. 6). These values agree correctly with the values 
already published for these quantities.5 

6. In-doped materials L 
The DLTS spectrum of the y=O.O05 In-doped mate- 

rial (sample b) obtained using the same experimental con- 
ditions as for sample a, is also given in Fig. 2. This spec- 
trum is similar to the spectrum of sample a but has a 
higher Pl amplitude and a lower P2 one. This indicates 
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FIG. 6. Variation of the logarithm of - T”* ln[l - ( ACJAG)] vs tem- 
perature obtained for samples a, b, and c under the same conditions as in 
Fig. 2. 
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FIG. 7. DLTS spectrum observed in sample c (emissidn rate 60 s-‘, 
V,,= - 1 V, AV=O.9 V) for different values of tp: 50 ps (l), 10 ps (2), 
and 1 ps (3). 
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that this material is less contaminated by Te but more by 
Sn than the material not In doped. The values-of the ion- 
ization energy and capture barrier of peak P3 are, respec; 
tively, l$ib=430 meV, B,=250 meV (see Figs. 5 and 6, 
respectively). The amplitude of the P3 peak for, $,=50 ps 
corresponds to a concentration of filled DX centers equal 
to C,=3.8 X 1013 cmM3. 

As to sample c, In doped with y=O.O7, its DLTS spec- 
trum is considerably wider and slightly shifted to lower 
temperatures (see Fig. 7). For a filling rate of 50 ps,, the 
corresponding ionization energies and barriers are (see 
Figs. 5 and 6, .respectively): E,=285 meV and B,=33 
meV. The peak amplitude corresponds to a filled DX con- 
centration C,=S.l X 1015 cmB3. For these samples, the 
temperature of the peak and the width of the spectrum 
depend strongly on the filling duration tp As illustrated in 
Fig. 7, when one uses shorter filling pulses, the width of the 
spectrum increases and the peak temperature shifts toward 
lower values. The corresponding values of the ionization 
energies and capture barriers also vary accordingly as 
shown in Figs. 8 and 9. The reason for this behavior is the 
presence of the residual donor impurity (Te), which gives 
rise to a DX peak at a lower temperature (the peak P2 at 
160 K) than the Si one that peaks around 200 K (compo- 
nent P3 in Fig. 2). This second component P2 is not 
clearly seen as in the case of Fig. 2. Because the capture 
barrier for the Te DX centers is smaller than for Si DX 
centers (the difference is about 200 meV l1 whatever the 
alloy composition x), the spectrum is dominated by the Si 
component P3 for large tp values because their concentra- 
tion is considerably larger. However, for low tp values, the 
fraction of filled Si DX centers is small owing to the large 
value of the capture barrier and the spectrum contains two 
components P2 and P3 associated with both the Si and Te 
DX centers. The resulting spectrum is wider and thus shifts 
apparently to lower temperatures as a result of the relative 
variations of these two components. Consequently, the 
measured ionization energies and capture barriers are a 
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FIG. 8. Variation of the emission rate e, vs temperature for the peak 
observed in sample c obtained under experimental conditions of Fig. 2 for 
t,=50 p (1) and 1 ps (2). 

strong function of tp and have no physical meaning in this 
case. 

Thus, the fact that the DX spectra obtained with tp 
-50 ps are wider for sample c than for samples a and b, 
and shifted to lower temperatures, has to be ascribed to the 
existence of a relatively large residual Te contamination 
(which is estimated to be - 1016 cmm3, the detection limit, 
by secondary ion mass spectroscopy). This is not surpris- 
ing since Te-doped samples were also grown in the system. 
The observed change in B and El vs y cannot be attributed 
to the presence of In, but to the existence of this large Te 
contamination. However, because. for t,=50 ps, the P3 
(Si) component dominates largely over the P2 (Te) one, 
the measured concentration C, represents a reasonable 
evaluation of the filled Si DX centers. 

V. DISCUSSION 

We first examine the possible change in the DX con- 
centration induced by In doping. For this we consider only 
the DX centers associated with Si (peak P3). In order to 
compare the concentrations of DX centers in two different 
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FIG. 9. Variation of the logarithm of - T”* ln[l- (ACJAC,)] vs tem- 
perature in sample c obtained in the same conditions as in Fig. 7: t,=SO 
P (1) and 1 PS (2). 

materials, one has to take into account the variation of the 
filling factor with the donor concentration N,. The filling 
rate is C,,n, where n is the free electron concentration and 
C, the thermally activated capture rate I2 

B 
C, = aov, exp ( 1 k~ 

(u, is the electron thermal velocity). During the capture 
process, n varies as No-- C(t), where C(t) is the filled DX 
concentration at a given time t. However, for small filling 
times tp, such that C(t,) remains very small compared to 
No, the filling factor is simply proportional to C,,n, where 
n is equal to N,,. Then the concentration of filled centers 
for a given ‘tp value varies from one material i containing 
ND* donors to another j containing ND1 donors, as 

assuming that a0 does not vary with the composition x of 
the material, a reasonable assumption, since the DX center 
possesses intrinsic properties defined by its local atomic 
and electronic structure, i.e., independently of x. 

Then the concentration of DX centers that should be 
filled (for t,=50 ps) in sample b, if this sample had the 
same donor concentration and the same-capture barrier as 
sample a, is Cg = 3-6 x lOr4 cme3, owing to the accuracy 
of measurements on the barriers B, to be compared to 
C,=9.5 X 1014 cmT3. Thus, it appears that In doping even 
at the level of y=O.O05 has decreased the concentration of 
DX centers. 

The above formula assumes that all the DX centers are 
ionized at the peak temperature Tp’ Actually, the ionized 
fraction depends on the energetic location of the DX level: 
EDx=Ei--B below the bottom of the conduction band. 
Since the introduction of In decreases EDx (from 205 meV 
for y=O to 180 meV for y=O.OOS), one has to introduce a 
corresponding correction factor exp ( - AE/kT,) , i.e., 3-5 
in this case, which means that CL - l-2 x lOI cme3, i.e., 
is of the order of C,. The decrease of the DX concentration 
with In doping is thus the result of the variation of EDX vs 
y. We therefore conclude, in agreement with the conclusion 
of Pann et a1.,4 that this decrease is directly related to the 
filling fraction of the DX level with the change of band 
structure. 

The same analysis for sample c, in the same conditions 
(i.e., for t,=50 I(LS) cannot be made since the barrier is not 
determined correctly in this case. The concentration of DX 
centers expected if sample c had the same donor concen- 
tration as sample a is Cl = 1.1 X 1015 cmm3, i.e., is identi- 
cal to C, within the experimental accuracy if we assume no 
change in the capture barrier. However, this barrier must 
be larger since even a smaller value of y has increased it 
significantly. Therefore, the introduction of In at a level of 
7% must diminish the DX concentration but the extent of 
the change cannot be estimated correctly. 

We now turn toward the question discussed at length 
by Pann et al.” on the physical meaning of the peaks ex- 
hibited by the DLTS spectrum. These authors attribute the 
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existence of these peaks to a variation in the ionization 
energy of DX centers versus the nature (In or Al) of sec- 
ond neighbor atoms of the Si impurity. As in the case 
presented here, they observe a DLTS peak whose maxi- 
mum shifts in temperature as tp varies when two compo- 
nents are clearly revealed (one peak around 160 K and the 
other around 200 K). But we have shown here that the 
temperatures of these peaks are the temperatures expected 
for the DX spectra associated respectively with Te and Si. 
We therefore argue that the behavior of the DLTS spec- 
trum they observe should be understood in terms of a con- 
tamination with Te (or eventually Se) and perhaps Sn 
impurities and not in terms of an alloying effect. This is 

I clearly demonstrated by the fact that one of the compo- 
nents (which they label DXC) exhibits an ionization en- 
ergy having exactly the ionization energy of the Te associ- 
ated DX center. 

The alloying effect postulates that the DX center is a 
I 
I 

deep defect whose characteristics (wave function, energy 
level, and capture cross section) are sensitive to the local 
environment, i.e., to the presence of Al atoms located in its 
neighborhood. 

The existence of this effect was first proposed13 to ac- 
count for the large distribution of capture time constants in 
Si-doped materials. This distribution was fitted using a 
Gaussian distribution of barriers said to originate from the 

I alloying effect (Actually, a Gaussian distribution is hardly 
compatible with the existence of only four possible envi- 
ronments corresponding to the four components observed 
in the DLTS spectrum.) The quantitative analysis of the 
data which has been made14 demonstrates that the activa- 
tion energies associated with all the components is (within 
& 10 meV, i.e., the experimental accuracy) constant that 
implies that both the energy level ET and the barrier B 
associated with the capture cross section do not depend on 
the atomic environment of the defect thus contradicting 
the initial postulate. 

Baba et a1.“716 also observed a multicomponent DX 
spectrum in Si-doped GaAs that is periodically doped by a 
monolayer of AlAs. These components were ascribed to 
DX centers having different Al environments, as in the case 
of Ref. 14. The ionization energies of these components 
varies from 295 meV, for Si said to be surrounded by only 
Ga atoms, down to 175 meV when Al atoms are in second 

nearest neighbor position. Hence, in this case there is a 
large shift in the ionization energy of the DX center with its 
environment. This result therefore contradicts the analysis 
presented in Ref. 14. The existence of multiple components 
in simple disordered GaAlAs layers and in selectively 
doped ordered alloys must therefore have a different origin 
since they have different electronic characteristics. 

In the case of disordered alloys, our study shows that 
the effect of contamination with residual donor impurities 
has to be taken into account in the spectrum analysis. 
When this is done no alloying effect is then detected. 

In conclusion, the observations of several components 
in the DX DLTS spectrum of In-doped materials should 
not be understood in terms of an alloying effect but to an 
effect of contamination with nonintentionally introduced 
donor impurities. 
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