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The piezoreflectance (PzR) and photoreflectance (PR) measurements of a strained-layer (001) Ing s GagroAs/
GaAs single quantum well as a function of temperature in the range of 20 to 300 K have been carried out. A care-
ful analysis of the PzR and PR spectra has led to the identification of various excitonic transitions, mnH(L), be-
tween the mth conduction band state to the nth heavy (light)-hole band state. The parameters that describe the
temperature dependence of Ennna,) are evaluated. The detailed study of the temperature variation of excitonic
transition energies indicates that the main influence of temperature on quantized transitions is through the tem-
perature dependence of the band gap of the constituent material in the well. The temperature dependence of the
linewidth of the 11H exciton is evaluated and compared with that of the bulk material.
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1. Introduction

During the past few years there has been considera-
ble interest in the strained layer in the In,Ga;—,As/
GaAs system from both fundamental and applied
points of view."® Strained-layer heterostructures uti-
lize constituent layers with unequal lattice constants.
When the thickness of the layers is below a critical
value, lattice mismatch can be accommodated by elas-
tic strain and thus the growth of dislocation-free struc-
tures can be achieved.” This freedom greatly increases
the ability to control the optical and electronic proper-
ties of such structures. For thin layers grown pseu-
domorphically, the strain induces a significant change
in the electronic band structure. This makes it possible
to control the band gap and associated quantum transi-
tions by altering the ternary composition and layer
thickness. Advantages of such a strained-layer system
include band-gap tailoring for long-wavelength lasers?
as well as the exploitation of the light in-plane hole
effective mass and high electron speed for two-dimen-
sional electron-gas field-effect transistors.?

Modulation spectroscopy, particularly piezoreflect-
ance (PzR) and photoreflectance (PR), is shown to be a
very powerful technique to study a large number of
quantized states in a single quantum well (SQW) struc-
ture. Both PzR and PR spectra exhibit derivative-like
features®'” in the vicinity of the intersubband excitonic
transitions. Recently Tober et al. reported PzR as a
supplement to PR for nondestructive characterization
of GaAs/Al,Ga;—,As multiple quantum wells
(MQWs).™ In this paper we report a detailed study of
the temperature dependence of the PzR and PR spec-
tra from a strained-layer (001) IngsGagroAs/GaAs
SQW in the range of 20 to 300 K. Both the allowed and
forbidden transitions mnH(L) have been observed. The
notation mnH(L) denotes transitions between the mth
conduction to the nth valence subband of heavy (H)- or
light (L)-hole character. Comparison of the PzR and
PR spectra has led to the identification of various exci-
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tonic transitions. The transition energies are extracted
from the PzR spectra using a form of the Aspnes equa-
tion of the first-derivative Lorentzian line shape
(FDLL),>'® while the PR spectra are fitted with the
first-derivative Gaussian line shape (FDGL).%™

The temperature dependence of the quantized transi-
tion energies En.na) have been studied in terms of a
Bose-Einstein expression.*'® The results indicate that
the main influence of temperature on the quantized
transitions is through the temperature dependence of
the band gap of the constituent material in the well.
The temperature variation of the broadening
parameter of 11H, I';;x(T), has been fitted to a Bose-
Einstein-type expression.' The obtained intrinsic
linewidth, Iy, of about 1.9 meV is the theoretical limit
for random alloy scattering.'® This indicates the high
quality of the structure since there is no contribution
due to strain distribution or interface roughness. The
electron-optical phonon coupling term, Iy, for SQW is
considerably smaller than that of the bulk materials.

2. Experimental

The SQW was fabricated by molecular beam epitaxy
(MBE) in a Varian Gen-II system. The undoped (001)
GaAs substrate was degreased, then etched in the solu-
tion of H2SO4, H20,, and H,O, mixed in the ratio of
12:1:1 by volume and quenched in water. When loaded,
the substrate was thermally cleaned at 610°C, and
growth of undoped GaAs at 1 um/h was initiated. The
saturated value of the arsenic tetramer beam-equiva-
lent pressure was between 15 and 20 times that of the
gallium during the growth. Before the 0.5 ym undoped
buffer was completed, the substrate temperature was
lowered so that the remaining third of the buffer, as
well as the undoped SQW and 1 ym undoped GaAs cap,
were grown at 580°C without interruption or change in
source temperature. The growth conditions indicated
an indium composition of 20% and a well width of
100 A.

PzR was achieved by mounting the sample on a 0.15-
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cm-thick lead zirconate titanate piezoelectric trans-
ducer driven by a 300 Vs sinusoidal wave at 397 Hz.
This produced a modulated strain in the sample of
about 107° rms value. The PR apparatus has been de-
scribed in the literature.' A 5mW He-Ne laser,
chopped at 197 Hz, was used as the modulating source
and 100 W tungsten-halogen lamp filtered by a model
270 McPherson  monochromator  provided  the
monochromatic light. The laser intensity was reduced
to about 1% to 10% of its initial value by using a neu-
tral density filter. The reflected light was detected us-
ing an EG & G type HUV-4000B silicon photodiode. To
facilitate the simultaneous measurement of both the
PzR and PR spectra, a second lock-in amplifier was
added, which had a reference channel derived from the
piezoelectric transducer power supply. PzR and RR sig-
nals were obtained simultaneously and under identical
experimental conditions. A RMC model 22 closed-
cycle cryogenic refrigerator equipped with the model
4075 digital thermometer controller was used for the
temperature-dependent measurements.

The X-ray scattering measurements were made us-
ing CuKe; radiation from a Rigaku RU-300 generator
operated at 15 kW. The specular (002 and 004) and non-
specular (224 and 404) reflections from the In, Ga;—, As
layer and from the GaAs substrate were measured us-
ing a double-axis configuration of a Huber 5020 six-
circle horizontal sample goniometer with both Ge(002)
and perfect Si(111) monochromator crystals. The meas-
ured positions of the specular and nonspecular
In,Gai—; As reflections relative to the corresponding
(GaAs substrate reflections were used to determine the
perpendicular (a1 ) and parallel (ay) lattice constants of
the In,Ga;—;As layer. The perpendicular lattice con-
stant @,=5.805+0.004 A was calculated from the
measured perpendicular momentum transfer compo-
nents of the specular and nonspecular reflections. The
parallel lattice constant of the In, Gai—. As layer, calcu-
lated from the in-plane momentum transfer compo-
nents of the nonspecular reflections, was identical to
that of the GaAs substrate, (a)—acas)/acess=(5+6)
x 1074, indicating that the In,Gai—,As layer is fully
pseudomorphic with the GaAs substrate. From the
observed finite size broadening of the In,Gai-;As
reflections, the thickness of the In; Ga;-, As layer was
calculated to be L=118=+10 A. The fractional In com-
position calculated from the measured lattice constant,
assuming simple elastic behavior of the In, Ga;—. As lay-
er and that its Poisson’s ratio is 0.31, is
=0.204+0.010.

3. Line Shape Considerations

The normalized change in the reflectivity measured
in the PzR or PR experiment is related to the modulat-
ed dielectric function e(=¢; +iey) by*™”

AR/R=0le1, £2)Ae1+B(e1, £2)Aes, (1)

where o and 3 are the Seraphin coefficients. The quanti-
ties Ae; and Ae, are the changes in the real and imagina-
ry parts of the dielectric function, respectively, in-
duced by the applied periodic stress or the modulating

W.-S. CHI et al. 967

electric field created by the pump beam. It has been
shown that for bound states such as excitons or the
confined states of a quantum well, the change of the di-
electric function Ae exhibits a first-derivative spec-
trum.®'” For excitons the dielectric function will have
either a Lorentzian or Gaussian profile depending on
whether the broadening is homogeneous or in-
homogeneous, respectively. For the case of FDLL the
modulated signal can be expressed as®'"'?

AR/R=Re {Z [Cjeif’f(E—E:j+irj)*2]}, (2)

where n is the total number of features, E is the photon
energy, and C;, 0;, F;, and I'; are the amplitude, phase,
transition energy, and broadening parameters, respec-
tively, for the jth feature. The simple form of eq. (2)
neglects intensity modulation effects.®'” The expres-
sion for the change of the dielectric function Ae of a
Gaussian profile does not have the simple analytical
form of eq. (2).%'” For the case of two-dimensional
band-to-band transitions, the dielectric function € is
given by'”

e~In (E—E;+il;). (3)

It has been reported that the FDLL is relevant for
the PzR signal,’>'¥ while the FDGL yields a better fit
for PR spectra. We emphasize, however, that the posi-
tions of the quantum-confined transition energies ex-
tracted from such fits are relatively insensitive to the
line shape function.

4. Results and Discussion

In Figs. 1(a), 1(b), and 1(c), the solid lines represent
the experimental PzR and PR spectra at 300 K, 80 K
and 20 K, respectively. The dashed lines are least-
squares fits to the first-derivative line shape functions.
The obtained values of the various intersubband ener-
gies at 300 K, 80 K, and 20 K are indicated by arrows
at the bottom of the figures. It is interesting to note
that at 80 K and 20 K the linewidth of the 11H transi-
tion has become sufficiently narrow so that 11H and
12H are clearly resolved. The 21H and 11L signals are
also resolved at both temperatures. The fine structures
in the spectra such as 13H, 22H and 23H signals, which
are not well resolved at 300 K, are distinguished in the
low-temperature spectra. Thus we could obtain more
information than that from the room temperature spec-
trum. The presence of 12H and 23H, which are “‘sym-
metry-forbidden’ transitions, is probably due to a
small built-in electric field in the sample. Although 13H
is “‘symmetry-forbidden’’, it is ‘‘parity allowed’ be-
cause of the finite depth of the well. In addition, we
have observed the development of two unidentified fea-
tures located between 13H and 21H, and 23H and 22L.
These two structures cannot be accounted for by the
finite-well calculation. The reasons for the assignment
of the PzR and PR peaks to the particular transitions
shown in Figs. 1(a), 1(b), and 1(c) are discussed below.

From both PzR and PR spectra, we obtained consist-
ent transition energies. In order to identify the origins
of the various spectral features we performed a theoret-
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Fig. 1. Experimental piezoreflectance and photoreflectance spectra
(solid lines) at (a) 300 K, (b) 80 K, and (c) 20 K, respectively. The
dotted lines are least-squares fits to the first-derivative line shape
functions (FDLL for PzR and FDGL for PR).

ical calculation based on the envelope function
model, ' including the exciton binding energy'® and the
effects of strain.>® The strains at 300 K and 20 K are
1.505% and 1.514%, respectively. At low tempera-
tures, the additional strain induced by differences in
linear expansion coefficients may be neglected since
this value is less than 0.6% of strain at 300 K. We have
used a number of relevant parameters of In,Ga;—, As
listed in ref. 20. The lattice constant (a), hydrostatic
(A) and shear (B) deformation potentials, and the stiff-
ness constants (Cy; and Cia) of the ternary material
were obtained by linear interpolation of values of the
end-point semiconductors GaAs and InAs listed in
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Table I. The best fit was obtained for an indium compo-
sition of 0.21+0.01, a well width of 105+10 A, and a
conduction band offset ratio @.=0.63+0.03. PzR and
PR are reported to exhibit selective' and nonselective
modulation spectra, respectively, where the PzR tech-
nique is relatively sensitive to the light-hole transition.
From a direct comparison of the PzR and PR spectra,
unambiguous indentifications of light- and heavy-hole
exciton transitions are made. Another aid in our inter-
pretation of Figs. 1(a), 1(b), and 1(c) is the recent work
of Qiang et al.?) They studied the effects of uniaxial
stress along the [100] direction on a similar sample.
They were able to identify the heavy- and light-hole fea-
tures from their stress dependence.

Shown in Fig. 2 are the PzR spectra at different tem-
peratures. The energy scale corresponds to the spec-
trum at 300 K. Other spectra have been shifted to align
the 11H transition signal at 300 K (1.21 eV). The iden-
tifications are denoted by numbers below each curve
and are described at the right side of the figure. There
is no obvious change in each transition as temperature

Table I.  Values of the lattice constants (a), the hydrostatic (A) and
the shear (B) deformation potentials, and the stiffness constants
(Cy; and Cy,) of GaAs and InAs.

. a A B C C
Materials  (X)  (ov)  (eV) (10" dyn/em? (10" dyn/cm?)
GaAs 5.6533% —8.7% —20%  11.88% 5.3220
InAs  6.0584% —5.8% —1.8% 8.33%0 4.53%
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Fig. 2. Experimental piezoreflectance spectra at different tempera-

tures. The energy scale corresponds to the spectrum at 300 K.
Other spectra have been shifted to align 11H transition signals at
300 K (1.21 eV). The identifications are denoted by numbers be-
low each curve and are described at the right side of the figure.
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is varied. The solid lines in Fig. 3 are the least-squares
fits to the Bose-Einstein expression given by Lau-
tenschlager et al.:'4'9

E(T)=Ep—as{1+2/[exp (6/T)—1]}, &

where E(T') is the transition energy of mnH(L) at tem-
perature T, ap represents the strength of the electron-
phonon interaction and 6g corresponds to the average
phonon temperature. Our values of Ep, ag and 0 are
given in Table II, along with the corresponding values
for the direct gaps (Ep) of GaAs? and In,Gai_,As
(z=0.06 and £=0.15) bulks.?? The ag and 65 in our
sample are fairly similar to those of In,Ga;—,; As bulk.
For light and heavy holes there are slight differences in
estimates of ag and fg. We interpret this as being the
result of the different effective masses and their tem-
perature dependence. Since the differences are within
the probable errors of measurement, a detailed compar-
sion of these parameters is difficult to make. There-
fore, as in the lattice-matched Al, Ga;—, As/GaAs hetero-
structure system, the main influence of temperature on
the quantized transitions is through the temperature de-
pendence of the band gap of the constituent material in
the well. 2%
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Fig. 3. Temperature dependence of the various excitonic transition
energies. The solid lines are the least-squares fits to eq. (4).

Table II.  Values of the parameters which describe the temperature
dependence of mnH(L) transition energies of In,Ga,_, As/GaAs
SQW and energy gap of In,Ga,_, As, GaAs bulks.

. E a (7]
Materials (eBV) (m§V) ( I?)
11H 1.351%+0.010 51=%7 23740
12H 1.369+0.010 53:£7 250+40
13H 1.397+0.010 49+7 23640
Ing .1 Gag oAs/GaAs 21H 1.432+0.011 51+8 225+45
single quantum well 111 1.442+0.011 5248 21645
20H 1.448+0.012 51%9 235+47
23H 1.479£0.012 519 22647
225 1.523+0.015 51+10 220+50
Ing 0sGag os As bulk? 1.466+0.014 44+9 20345
Tng15Gag g5 As bulk® 1.339+0.015 5310 238=%50
GaAs™ 1.57140.023 57+29 240+102
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In Fig. 4 we display the temperature dependence of
the broadening parameter I' for the 11H transition,
I'1in, as determined from the theoretical fit of the PR
spectra. The solid line in Fig. 4 is a least-squares fit to
the phonon-coupling model given by'¥

I(T)=To+I'1/lexp (Ew/kT)—1], (5)

where 'y contains inhomogeneous contributions due to
interface roughness, alloy clusterings, and strain distri-
butions. The parameter I'; represents the strength of
electron-optical phonon coupling while FEp, is the
energy of the longitudinal optical phonon.?® The values
of 'y, I'1 and Eyy are listed in Table III. Also displayed
are recently reported values for similar SQWs® and
that of the direct gap for strain relieved In, Ga;—, As/
GaAs (£=0.06 and 2=0.15).22 The value of I'y is con-
siderably smaller than those reported in ref. 22 for
somewhat similar SQWs. Our value of about 1.9 meV
is close to the theoretical limit for alloy scattering.'®
This indicates the high structural quality of the materi-
al (uniform strain distribution) and interface, averaged
over the region sampled by the exciton Bohr radius
(~100 A). The similarity of Ey, indicates that it is in-
deed the energy of the longitudinal optical phonon for
this material. The value of I'; for 11H of the SQW is
considerably smaller than that of the direct gap Ey for
the bulk materials. This agrees well with a recent
report?” on the size dependence of the electron-lon-

5
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s
(]
E 3
£
T
5 e
L4
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. Ein?t. 11H Transition
| | 1
4 100 200 300

Temperature (K)

Fig. 4. Temperature dependence of the broadening parameter of
the 11H transition. The solid line is a least-squares fit to eq. (5).

Table III.  Values of the parameters I'y, I';, and Ey which describe
the temperature dependence of the broadening parameter of 11H
transition in single quantum wells and that of the direct gap for
strain-relieved In, Ga,_, As/GaAs.

. T r E,
Materials (meov) (melV) (mgV)
Ing 4, Gag rgAs/GaAs 1.940.1  6.9+0.5 36%3
SQW (L=110 A)

Ing 50Gag g0 As/ GaAs®™ 9 7 35
SQW (L=84A)

In0‘15Ga0‘85AS/GaASZG) 11.3 7 35
SQW (L=65 A)

Ing 0sGag 0s As/GaAs?? 7.5+0.5  23+6 31+10
Ing 15Gag gs As/GaAs™ 10.5+0.5  23%6 32+10
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gitudinal optical phonon interaction for which the ther-
mal broadening of the linewidth diminishes as the
dimensions and the size of the system are reduced.

5. Conclusions

In conclusion, we have studied the various excitonic
transitions of a  high-quality  strained-layer
Ing 21 GagreAs/GaAs SQW by PzR and PR techniques.
Comparing the PzR and PR spectra has led to the iden-
tification of various excitonic transitions. A detailed
study of the temperature variation of these excitonic
transition energies, Emnuw)(7), shows that the main
influence of temperature on quantized transitions is
through the temperature dependence of the band gap
of the consituent material in the well. We have ana-
Iyzed Fpunw)(T) and I'iu(T) in terms of the Bose-Ein-
stein expression. The strength of the electron-phonon
interaction and the average phonon temperature are
similar to those of In,Ga;-,As/GaAs bulk, while the
value of the strength of the electron-optical phonon
coupling I'y for 11H is considerably smaller than that of
the direct gap Ey for strain-relieved In, Ga; -, As materi-
al.
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