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Conduction-band offsets in pseudomorphic In„Gaf „As/Alo 2Gao sAs quantum wells
(0.07 ~ x ~ 0. 18) measured by deep-level transient spectroscopy
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The variation of the potential of a quantum well is similar to that of a deep trap. In that respect a
quantum well can capture and emit carriers in much the same way as a trap. The thermal emission
energy from a quantum well is closely related to the appropriate band offset. With that in mind, we
have carried out deep-level transient spectroscopy measurements on Schottky-barrier diodes con-
taining one or more pseudomorphic In„Gal As/A10 2Ga0 8As (0 &x ~ 0. 18) quantum wells. The
objective was to estimate the conduction-band offset, AE„as a function of x and the resulting
strain. From detailed balance between emission and capture, an Arrhenius-type expression was de-
rived to analyze the transient emission data. It is seen that the percentage band offset hE, /AEg
varies from 62% for x =0.07 to 70% at x =0.18. Furthermore, a linear interpolation of the data
leads to AE, /AEg =58% at x =0, which is close to the widely accepted value. Our results support
recent theoretical calculations from which a monotonic increase in AE, with strain in this hetero-
structure system is predicted.

I. INTRODUCTION

One of the most important parameters for the design of
heterojunction and quantum-well electronic and op-
toelectronic devices is the heterojunction band offset.
The band discontinuity not only depends on the semicon-
ductors involved, but, as recently suggested, ' also de-
pends on the amount of mismatch strain at the interface.

Several electrical and optical techniques have been
used to estimate the band offsets. In this respect the most
commonly investigated heterojunctions are the lattice-
matched GaAs/Al Ga, As and Inp»Gap 47As/InP
heterojunctions, for their current importance. Even in
these lattice-matched cases, there is considerable
disagreement in the offsets estimated by different groups.
Very little has been reported on the experimental deter-
mination of band ofFsets in pseudomorphic, lattice-
mismatched heterojunctions, and, in particular, the
In Ga, „As/GaAs or In Ga, „As/Al~Ga, ~As sys-
tems. Calculations made by Coon and Liu' suggest that
in the In„Ga& As/GaAs system the conduction-band
ofFset, EE„will increase with increasing In content (i.e.,
strain). Reed et al. have directly measured b,E, in

In„Ga, „As/Al Ga, As double-barrier resonant tun-
neling structures and Kowalczyk et al. have also mea-
sured the offset in the InAs/GaAs system using x-ray
photoelectron spectroscopy. The percentage of
conduction-band discontinuities obtained by these au-
thors are extremely high, in the range 84—100% of hE,
the band-gap difference.

The three-dimensional potential variation of a deep-
level trap in the lattice of a semiconductor is similar to
that of a two-dimensional quantum well, with some im-
portant and obvious difFerences. Quantum wells can
therefore capture and emit carriers from the barrier re-
gions in much the same way as deep levels do. In fact,

some early experiments on GaAs/Al„Ga, „As quantum
wells have been made to determine the emission energy of
electrons from them. Similar measurements have also
been reported by Lang et al. , who used deep-level tran-
sient spectroscopy (DLTS) and admittance spectroscopy
to estimate the valence-band offset in Ino 53Gao 47As/InP
quantum wells. It is important to realize that in doing
DLTS measurements with quantum wells, it should be
ensured that carrier emission from deep levels in the bar-
rier and we11 regions does not mask the expected emis-
sions from the quantum wells. A perfect example of this,
which we have confirmed during our measurements, is
seen in doing the measurements with GaAs/Al, Ga, As
(x ~0.24) quantum wells. Electron emission from the
quantum well is masked in the DLTS data by electron
emission from the dominant DX center traps in
Al Ga, „As.

With the last point in mind, and with the objective of
estimating the conduction-band ofFsets in pseudomorphic
In Ga] As/Alp 2Gap sAs (0(x ~ 0.2) quantum wells,
we have made systematic DLTS measurements on spe-
cially designed heterostructures grown by molecular-
beam epitaxy. The thermal energy of emission has been
determined as a function of In content, x, from an Ar-
rhenius expression, to be discussed in the next section.
The trend of the band offset with increasing x is approxi-
mately calculated from the measured emission energies,
and it is seen that the value of AE, /AE slowly and
monotonically increases with x in these pseudomorphic
quantum wells.

II. THERMAL EMISSION OF ELECTRONS
FROM A QUANTUM WELL

The emission rate of electrons from a quantum wel1
can be derived from the thermionic emission current due
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to electrons emitted from the well to the barrier region.
This emission rate has been calculated by Martin et al.
and is given by
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where (u„„) is the average thermal velocity of electrons,
and y (cm ) is a capture cross section related to the
scattering rate of carriers into the well. It is, therefore,
closely related to the quantum-well parameters. By using
a three-dimensional density of states in the well, which is
approximately valid for L„~150 A,

n = (8~/3h )(2nt "
) (QE ) (3)

It is also possible, by drawing an analogy between an
electron quantum well and a deep-level trap, to formulate
a detailed balance between thermal capture and emission
of electrons from the quantum wells. The capture rate
of electrons into the well, r,„, is proportional to the elec-
tron concentration in the barrier, n~, and to the empty
states in the well, n

- ——————E

I
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the absence of the well. XD is the net donor density in
the barrier, and V Vzpp+ VbI where V» is the built-in
voltage and V,z is the applied bias. The transient capac-
itance AC is then given by

hC/C( W) =n„LL~/ND Wo . (9)

The DLTS signal for rate windows t, and tz (Ref. 9) is
then given by

FIG. 1. Band diagram of a reverse-biased Schottky diode
with a SQW in the depletion region.

where hE is the difference in energy between the first
electron subband and the top of the well. Similarly,

nz =Xceexp[(Ff Ecti)/kT] (4)

where N~~ is the three-dimensional density of states in
the barrier material. The emission rate of electrons from
the well, r,„,is given by the product of the emission prob-
ability e„and the number of electrons, n, in the well. In
other words,

r =e (2m') (kT) exp
4m

2

EF Ece

In thermal equilibrium,

Pen
—Pc

By substituting Eqs. (1)—(4) in (5),

en

hE
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JY = Wo(1+2n LL„/XD 8'o.), (8)

where Wo =(2e/qND ) V is the depletion region width in

It is clear that, although the exponential dependence is
identical in Eqs. (1) and (7), there are important
differences in the prefactor. This difference comes mainly
from the fact that in the thermionic emission model the
electrons in the wells must have an energy greater than
hE, to be thermally emitted over the barrier.

Next, consider a single quantum well (SQW) in the de-
pletion region of a Schottky barrier, as shown in Fig. 1.
The existence of confined electrons in the well changes
the depletion width 8'. Solution of Poisson's equation in
the'well and barrier regions with the appropriate bound-
ary conditions gives

n o LL„
=Co z [exp( e„t, )—ex—p( —e„t2)]. (10)

III. EXFKRIMENTAL TECHNIQUES

TABLE I. Description of the quantum-well structures for
DLTS measurements.

Sample
No.

Well
thickness

(A)

150
120
120
120
120
120

Well
compos.

Ino. 2Gao. 8As
Ino. & 3Gao. s7As
Inp 18Gap 82As
Inp

& Gap 9As

Inp &5Gap 85AS
Ino 07Gap 93As

Barrier
con1pos.

Alo. 16Gao. 84As
Alp 2Gap 8AS

A10.2Gap 8As
Alp 2Gap 8As

Alo. 2Gao. sAs
Alo. 2Gao. sAs

Five samples of pseudomorphic In„Ga, As/
Al Ga& As SQW's and double quantum wells (DQW's)
were grown by molecular-beam epitaxy (MBE) on Si-
doped (100)-oriented GaAs substrates in a Varian Gen II
system. The structures were uniformly doped in the
range (1—5) X 10' cm . The schematics in the SQW
and DQW structures, listed in Table I, are shown in Figs.
2(a) and 2(b), respectively. The first sample has a 150-A
Ino zGao 8As well and an AID, 6Gao 84As barrier. In the
other four samples the well thickness of 120 A and the
Alp 2Gao 8As barrier composition was kept constant while
the In composition in the well region was varied. Gold
Schottky barriers with an area of 2.2X10 cm were
formed on the heterostructure by evaporation. These
structures have the following advantages. Al„Ga, „As
with x ~0.24 does not have the DX center. The traps in
strained Ino 2Gao SAs have been identified by us and none
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FIG. 2. Schematics of (a) single-quantum-well and {b) double-quantum-well Schottky diodes grown by molecular-beam epitaxy.

of the identified centers occur in the range where the
emissions from the quantum well are expected. The dop-
ing and thickness of the heterostructure layers were care-
fully controlled, so that the quantum wells are outside the
zero-bias depletion region, but could be brought into the
depletion region with the quiescent reverse bias used in
the experiments. The diodes have a typical reverse

126—

breakdown voltage of 12—15 V. Capacitance-voltage
measurements give a value of XD-1.5X10' cm for
the first sample and XD -4X 10' cm for the other four
samples. The depletion-accumulation regions observed
due to the SQW, in a particular sample, as seen in the
capacitance-voltage data, are shown in Fig. 3. DLTS
measurements were carried out with a variable-
temperature cryostat, a 1-MHz Boonton capacitance me-
ter, and a signal analyzer for providing the rate windows
and processing the capacitance-difference signals with
varying temperatures.

I I 6— IV. RESULTS
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FIG. 3. Variation of depletion-layer capacitance and DLTS
peak height of the quantum-well emission with bias applied to
the diode.

The prominent peak obtained in the DLTS tempera-
ture scan of the first sample, originating from the quan-
tum well, is shown in Fig. 4. An important observation is
the fact that the height of the DLTS peak passes through
a maximum at almost the same reverse bias at which the
depletion accumulation is observed in the capacitance-
voltage curve of Fig. 3. By repeating the DLTS scan
with varying rate windows, an Arrhenius plot is obtained.
The emission activation energy AE, in accordance with
Eq. (7), is proportional to the slope of the Arrhenius plot
and is found to be 0.204 eV for this sample. By adjusting
the quiescent reverse bias to the Schottky diode, the
DLTS data corresponding to the Alo, 6Gao 84As barrier
region could be observed. The traps corresponding to the
emissions from the barrier materials have been previously
observed by us and other authors' ' in bulk
Al Ga& As of the same composition. Furthermore,
upon repeating the measurement with a diode made on a
sample with the quantum well etched off, the same DLTS
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FIG. 4. DLTS signal resulting from thermal emission of elec-
trons from the quantum well. The dashed profile indicates
DLTS data obtained from the same sample with the quantum
well removed.
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data were obtained, as shown in Fig. S. It is important to
note that the peak that we believe results from quantum-
well emissions (Fig. 4} is noticeably absent in the data of
Fig. 5. It is important to mention one of our observations
here. It was generally found that the overall DLTS signal
amplitude over the entire range of scanned temperature is

FIG. 6. DLTS signal resulting from thermal emission of elec-
trons from the quantum wells of diA'erent compositions I', sample
2).

higher in the samples with the quantum wells than that in
samples without the quantum wells. We believe the
higher background signal in the former case results from
the emission from distributed interface states of the quan-
tum well.

Upon performing the DLTS measurements with a sam-
ple having two quantum wells of difFerent compositions,
two prominent peaks, as shown in Fig. 6, were observed.
It is to be noted that there is no negative-going peak
below 100 K in the data. On repeating the exper'iments
with varying rate windows, data for the Arrhenius plots

1
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FIG. 5. 0LTS data of molecular-beam-epitaxy —grown
Alp &6Gap 84As obtained with a Schottky diode reverse biased at—3 V.

FIG. 7. Arrhenius plots corresponding to emissions from
Inp &3Gap 87As and Inp &8Gap 8&As quantum wells.
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FIG. 8. Variation of DLTS peak height and activation ener-

gy of the quantum-well emission with bias applied to the diode.

are obtained, and these plots are shown in Fig. 7. From
the slopes, values of DE=0. 19 and 0.305 eV are ob-
tained. The fact that the number of peaks increase with
the number of quantum wells incorporated in the device
lends enough credence to the fact that the low-
temperature peaks shown in Figs. 4 and 6 result from
electron emission from the quantum wells.

Finally, Fig. 8 shows the effect of varying reverse bias
on quantum-well —emission properties for a SQW sample.
The DLTS signal peak goes through a maximum and, at
the same bias, the rate of change of the emission energy,
AE, is a maximum. The reduction in AE is due to change
in the band bending and field-enhanced tunneling from
the well. The change in AE will change the emission
rates through Eq. (7).

V. DISCUSSION

As stated earlier, our main objective is to estimate the
trend in the band offsets of In Ga& As/Al Ga& As
quantum wells with increasing x. The thermal emission
energy AE is related to the conduction-band offset AE, of
the In Ga, As/Al Ga, As heterostructure. We have
therefore estimated the values of AE, for varying x, by
adding to AE the band bending due to the electric field F
and the first subband energy E,&. In other words,

AE, =AE+E, )+I. F .

There are obvious sources of error in this simple for-
mulation, the principal ones being the spread in the sub-
band energies and the excess energy of carriers above the
barrier during emission, or reduced energy due to tunnel-
ing. The value of E, &

was obtained from theoretical
analysis. Next, AE was obtained from theoretical calcu-
lations which include the effects af strain in the pseu-
domorphic well and the bowing in the band-gap energies
of the InAs-GaAs system. Experimentally, AE was es-
timated from photoluminescence measurements by deter-
mining the energy position of the transitions from the
Al„Ga& As band edge and fram the E, &

—
Ehh& transi-

tion of the In Ga& As quantum well. The measured
values of AE agree well with the theoretical estimates.

FIG. 9. Measured variation of conduction-band ofFset with
composition x for In„Ga, „As/Alo 2Gao 8As quantum wells.

Figure 9 shows the plot of hE, /AEg versus In composi-
tion x. It is clear that the offset increases manotonically
with increase in x, reaching a value of 0.7 at x =0.18. It
is also important to note that the values extrapolate to
AE, /AEg =0.6 for x =0. Therefore it is apparent that
biaxially compressive strain tends to increase the value of
AE„as suggested by recent theoretical work. ' Experi-
mentally, the offsets in this pseudomorphic system have
been measured by Reed et al. and by Kowalczyk et al.
for InAs-GaAs. The values of AE, /b, Es reported by
these groups of authors are higher (84—100%%uo). Taking
into account the likely sources of error in our measure-
ments, the error bar in AE may be +10—15 meV.

We have recently made intersubband absorption mea-
surements' on In„Ga~ „As/A104Ga06As (0+x +0. 15)
MQW waveguide samples using Fourier-transform in-
frared spectroscopy. The intersubband transition energy
was determined for 50-A wells and, from the analyses of
the data, the values of AE, were estimated. These values
are very close to those determined from the DLTS mea-
sured and shown in Fig. 9, taking into account the impor-
tant differences in the quantum-well parameters in the
two sets of measurements.

It may therefore be said, in conclusion, that the class of
transient measurement techniques, which include capaci-
tance and admittance spectroscopy, are very suitable for
the determination of the band offsets in suitably designed
samples with a fair amount of accuracy. We have used
the DLTS technique to estimate the trend in the offset of
pseudomorphic In Ga, As/Al Ga& As quantum
wells. Our results indicate that over the range of In com-
position that we have examined, the values of AE, /AE
slowly increases from -0.6, the value for lattice-matched
GaAs/Al Ga& As, to -0.7 for x =0.18.
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