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Interband transitions in In„Ga, „As/Ino 52Alp 4sAs single quantum wells studied
by room-temperature modulation spectroscopy
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Room-temperature phototransmittance and electrotransmittance of single quantum wells of
In Ga& As with Inp 52Alp 48As barriers have been used to study the excitonic interband transitions be-
tween the confined conduction- and valence-band states. Peak assignment has been confirmed by photo-
current spectroscopy. The lattice-matched (x =0.53) and strained (x =0.6) structures were considered

0
for two different well widths of 50 and 250 A. Transition energies and broadening parameters were mea-
sured from the spectra of the wide well samples and studied as a function of the principal quantum num-
ber. Reasonably good agreement between theory and experiment has been achieved by using published
values of the electronic band-structure parameters. An observed monotonic increase of the linewidth
with the quantum number has been associated with the presence of well-width fluctuations due to rough
interfaces.

I. INTRODUCTION

Electric field modulation of reflectance and absorption
has been extensively used during the last few years for the
characterization of single (SQW) and multiple (MQW)
quantum-well structures at room temperatures. Early
works on electroreflectance have shown the effectiveness
of this technique in studying the quantum confined car-
rier states in GaAs/Al Ga& „As SQW's and MQW's. '

A contactless version of electric field modulation involves
the alteration of the surface built-in electric field by using
a laser light (photoreflectance, phototransmittance).
Glembocki et al. first reported that photoreflectance at
300 K exhibits sharp, well-resolved spectra, correspond-
ing to interband transitions between quantized electron
and hole states in GaAs/Al„Ga& As MQW's and
modulation-doped heterojunctions. Since then,
photoreflectance has been used for the study of
in„Ga& As/GaAs SQW's (Ref. 5) and superlattices,
and GaAs/AI„Ga& „As coupled MQW's. Little work
has been performed on electromodulation in the
In„Ga, „As/In Al

&
As quantum-well system. This

material system shows promise in electronic and op-
toelectronic device applications. The large conduction-
band discontinuity (hE, =0.5 eV) and the small effective
mass of electrons in the In„Ga, As well, make this het-
erostructure system attractive for the fabrication of
high-performance electronic devices such as the high
electron mobility transistors. In addition, because of the
small band gap of In Ga, „As alloys, optoelectronic de-

vices based on the above system can operate at long
wavelengths (1.55 pm) suitable for optical fiber communi-
cation applications. The first observation by absorption
spectroscopy of room-temperature excitonic interband
transitions in In„Ga& As/In Al& „As MQW's was re-
ported by Weiner et al. ' Since then, the system has
been studied by various optical techniques including pho-
toluminescence, " ' photoluminescence excitation, ' ab-
sorption, ' and photocurrent spectroscopy. '

Photoreflectance has been used to measure the band-gap
energy of the bulk lattice-matched' and tensily strained'
In Ga& As on InP material. Using electroabsorption at
2 K, Satzke et al. ' have examined lattice-matched
Inp 53Gap 47As/Inp 52Alp 4sAs MQW's and superlattices.
Electroreflectance at 300 K was used by Fritz et al. ' to
probe strained MQW's.

In the present work, we investigate the interb and
transitions in lattice-matched and strained
In Ga& As/In Al& As SQW's by phototransmittance
and electrotransmittance measurements at room temper-
ature. Photocurrent spectroscopy on the same samples
has been used to confirm peak assignment. The large
number of the observed transition in thick QW s provid-
ed information in support of previously reported
conduction- and valence-band offsets and effective masses
of carriers in the In„Ga& As QW s. Linewidth analysis
of the excitonic resonances improved insight into factors,
such as interface roughness, ' ' which affect the perfor-
mance of optoelectronic devices.
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II. KXPKRIMKNTAL DKTAILS

The SQW's were grown by molecular-beam epitaxy
on n -type InP(001) substrates and they had the
following structure: (0.3 pm) Ino ~2Alo ~sAs/(L„)
In„Ga& As/(1. 0 pm) Ino &2Alo &&As/n+-type InP(001).
The In„A1& As is the barrier while the In Ga, „As
layer is the quantum-well region. Two samples with
quantum-well thickness of 1.„=50 and 250 A were pro-
duced for the lattice-matched nominal In composition of
x =0.53. Another sample with a width of 250 A was
prepared for the strained In composition of x =0.6 (see
Table I). The growth temperature of In„Ga& As and
In Al& „As layers was 500 C. The samples were unin-
tentionally doped n type to about 10' cm . The In
composition x =0.6 was chosen because compressive
strain build-up in the In„Ga, „As layer is beneficial
to the performance of high electron mobility transistors
grown on InP substrates. The MQW structures are
more suitable for optical device applications, due to their
strong excitonic resonances at room temperature. How-
ever, by studying here the SQW structure, we avoid any
complexities to the linewidth arising from interwell width
variations. The quantum wells were characterized by
photoluminescence (PL) and they were found to be of
high quality. Indicatively, the PL full width at half max-
imurn of the lattice-matched 50-A quantum well was 9.5
meV at 12 K, which compares favorably to the best re-
ported values. "'

ln the phototransmittance (PT) experimental arrange-
ment, the transmittivity of the QW was modulated by a
10-mW He-Ne laser chopped at a frequency of 220 Hz.
Light was detected by an EG%G In Ga& As p-i-n pho-
todiode operating in the photovoltaic mode. The ac part
of the transmitted light, which is proportional to the
transmittivity changes AT, was detected by a lock-in
amplifier tuned at the modulating frequency. The dc
part, proportional to the transmittivity T, was measured
by a voltmeter. By using a double grating —,

' m SPEX
monochromator to analyze incident light, the normalized
quantity hT/T was finally obtained as a function of pho-
ton energy. A widely accepted modulation mecha-
nism ' involves electrons and holes, generated by the
laser light, which move, under the inAuence of the built-
in surface electric field, in such a way so that they neu-
tralize it. Since, in many cases (including our case), the
surface electric field penetrates into the QW region, the
photogenerated carriers lead to an electric field
modulation of the complex dielectric function or the
absorption coefficient. ' In the electrotransmittance
configuration, the modulating source was a square wave
voltage of frequency 300 Hz and peak-to-peak amplitude
of 0.25 V, provided by a voltage generator. The ac bias
was applied on a semitransparent Schottky contact made
of Ti on the top In Al, As layer. The contact was 100
0
A thin and 500 pm wide in diameter. The spectral range
covered in the electromodulation experiments was from
0.7 to 1.35 eV. The lower limit was due to the limited
response of the photodiode, while the upper limit was
determined by the onset of absorption from the InP sub-
strate. Photocurrent (PC) spectra were taken by focusing

o
bQ

~ TH

Eo

~ W
c5

o

05

~ t++I

a5

~ OW (/)

C4 ~
ch
CS

~ o
E

~ w C5

Gh

cn o

2

Cih

CP
(0

Q vH

bQ

o
0&
CI3

bQ

go O
CJ

CVI

a5
cd

O

&g o

C4)

o
(Q

a5
O o

55

O

6 ~

6

O
o

gp
v)

cr $cnW
O O

OO0 0

oO

OO OO

O O

~ W ~0 0

DO

C)

CO C)
00
O



A. DIMQULAS et al. 47

monochromatic light on the Schottky region and the
photogenerated current was measured by the lock-in
amplifier. The experimental error in the measurements of
transition energies and broadening parameters was dom-
inated by the resolution of the monochromator limited to
2 nm.

III. RESULTS AND DISCUSSION

A. Description of the phototransmittance spectra

The room-temperature PT spectra of the three SQW's
are shown in Figs. 1 —3. The PC spectra are placed on
the same graphs for comparison. There exists a one-to-
one correspondence between the peaks of PT and PC.

~ ~ 23, 24Since electromodulation gives derivatIve lIne shapes,
the determination of the transition energies by a simple
inspection of the spectra is not straightforward. A fitting
procedure, as described in Sec. III 8, is required. Transi-
tion energies are then determined as adjustable parame-
ters from the fit. These are marked by sma11 vertical
lines, labeled by capital letters. They are also listed in
Table I along with theoretically predicted values accord-
ing to a model, described in Sec. III C. These optical
excitations are attributed to parity allowed transitions of
the type nnh between states in the valence and conduc-
tion bands having the same quantum number n. (The
transitions are labeled by using the notation nmx, where
n and m are the principal quantum numbers of the elec-
tron and hole states, respectively, and x =h or x = I indi-
cate the heavy- or light-hole band. )

In the PC spectra of the narrow quantum well S3
(x =0.53), an excitonic resonance can be clearly seen for
the lowest-energy transition (11h), which is marked by 2
in Fig. 3. This resonance corresponds very well to the
positive peak of the PT signal. In the case of the wide
well samples, shown in Figs. 1 and 2, no excitonic peaks
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FIG. 2. Phototransmittance and photocurrent spectra, for
the strained wide QW, at 295 K. Transition energies are
marked by the labeled vertical lines.

can be seen in the PC spectra, presumably due to the
weaker confinement of excitons in the wells. The steplike
structure shows the onset of the absorption at each sub-
band, while the plateaus are indicative of the constant
two-dimensional joint density of states. In the wide
well samples (L =250 A), a large number of interband
excitonic transitions between quantum confined states
were clearly resolved at the room-temperature PT spec-
tra, as it is shown in Figs. 1 and 2. In sample S1
(x =0.53), as many as seven transitions are clearly ob-
served. In sample $2 (x =0.6), five transitions are seen
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FIG. 1. Phototransmittance (PT) and photocurrent spectra,
for the lattice-matched wide QW, at 295 K. The labeled vertical
lines correspond to transition energies determined from the
fitting of the PT data by using a Gaussian absorption profile.

FIG. 3. Phototransmittance (PT) and photocurrent (PC)
spectra of the lattice-matched narrow QW, at 295 K. 2 indi-
cates the position of the lowest PT peak, while the arrow marks
the position of the 11h transition, calculated from the theory.

corresponds to the energy of the 111 transition, better
resolved in the PC spectrum.
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while another two at higher energies appear much
broader and cannot be clearly resolved. In the same sam-
ple, weaker features appearing as low-energy shoulders to
the main peaks may be attributed to normally parity for-
bidden transitions of the type nn'h between states of
different quantum numbers. The effects of an externally
applied dc bias on the behavior of the allowed and forbid-
den transitions have been discussed elsewhere.

In sample S3 (x =0.53), only the 1 lh transition,
marked by A in Fig. 3, can be seen at 0.907 eV. This is in
agreement with theoretical predictions that only the
lowest electron energy level forms a bound state in such
narrow QW's. Following a finite square-well potential
model (see Sec. III C), the theoretically predicted energy
for the 11h transition is 0.895 eV, marked by an arrow in
Fig. 3. The agreement between theoretical and experi-
mental values is satisfactory, considering that the energy
position is very sensitive to the well width for such nar-
row quantum wells. A broad peak A', appearing in the
PC spectrum at about 50 meV higher in energy than peak
A, is assigned to the light-hole transition 11/, in agree-
ment with our model predictions. The same energy sepa-
ration of 50 meV between 11h and 11l transitions, due to
quantum confinement, has been recently predicted by
Fritz et al. ' It is remarkable, however, that this transi-
tion appears to be very weak in the PT spectrum of Fig. 3
so that it would be impossible to identify it without the
help of the PC data. Indeed, no clear evidence of light-
hole transitions in any of the four samples examined by
PT and electrotransmittance (ET) was obtained, in agree-
ment with previous observations' by electromodulation
spectroscopy on the In„Ga& „As/In„A1~ As QW sys-
tem. In sample S3, the baseline had an oscillatory struc-
ture (see Fig. 3). This is considered to be an interference
effect of multiple reAections between the
epilayer/substrate and epilayer/air interfaces prior to
transmission of light through the InP substrate. Con-
structive interference occurs whenever the path difference
2d (d is the overall epilayer thickness) is equal to an in-
teger multiple of the wavelength of incident light. This
corresponds to an energy separation between the maxima
of approximately AE =hc/2dn =130 meV, in very good
agreement with the period of oscillations of 135 meV,
measured from the spectrum of Fig. 3. Here, we have
used the value d =1.3 pm, estimated from the growth
conditions and also we have assumed n =3.6 for the re-
fractive index. The oscillatory behavior of the back-
ground is more prominent in the photoreAectance spec-
tra, which are not shown here. The sharp negative peak
which appears close to the llh (peak A), at the low-

energy side, is probably due to the overlapping of peak A

and the oscillatory background. It cannot be attributed
to any particular interband transition and this can be fur-
ther justified by the photocurrent spectra which show an
onset of absorption at an energy corresponding to the
spectral position of peak A.

It is worth noticing a difference between the photo-
transmittance and electrotransmittance spectra for sam-
ple S1 shown in Figs. 1 and 5, respectively. The last
three transitions in the former have abnormally large in-
tensities, in contrast with the latter, where the intensities
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1 0 I I
I

a
C3

S1 (x=0.53, Lw ——250 A)

T=295 K

LLI

C3

I—
I
— 0

C/3

CC
l—
0
I—

LLI

-10
0.6

----- Gaussian fit
---—— E xp'taI curve

0.8 1.0 1.2
PHOTON ENERGY (eV)

1.4

FIG. 5. Electrotransmittance from the lattice-matched sam-
ple S1, at 295 K, fitted by assuming a Gaussian absorption
profile.

decrease monotonically with the quantum number n.
This could be attributed to the fact that light-induced
modulation of the built-in electric field is not as effective
in modulating the transmittivity as an externally applied
voltage. Despite the difference in the behavior of peak in-
tensity between PT and ET spectra, the line shapes and
the energy positions of the corresponding spectral
features are the same. This implies that the PT peaks are
of the same origin as that of ET ones. The latter have
clear derivative line shapes and exhibit the expected be-
havior of decreasing intensity for large n so that there is
little doubt that ET, and hence PT signals, are due to in-
terband transitions, while the possibility that they origi-
nate from interference oscillations can be excluded. This
is further supported by the close correspondence between
the electromodulation and the PC peaks apparent in Figs.
1 —3, considering the fact that the steplike features in PC
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can never be due to optical interference.
Finally, it is worth mentioning that several measure-

ments at different points across the wafers were per-
formed in order to account for any inhomogeneities. No
important differences between the spectra were observed
and the transition energies did not change from point to
point on the sample. In this way, the reproducibility of
the data and the accuracy of the measurement of the pa-
rameters are ensured.

B. Line-shape analysis

An= AEo+ AI + AI .
aE, ' ar aI (2)

Absorption and photoreAectance measurements in
GaAs/Al Ga& As MQW's (Refs. 25, 31, and 35) and
superlattices have demonstrated that a Gaussian absorp-
tion function describes better the 300-K spectra, as com-
pared to the more frequently used Lorentzian function.
Gaussian-broadened excitonic absorption at 300 K is
justified in view of thermal lattice disorder caused by LO
phonons, as it was first discussed by Toyozawa.
Structural disorder on the atomic scale (interface rough-
ness) ' ' is taken into account by convoluting the
thermally broadened absorption with a Gaussian distri-
bution of well-width Auctuations. The result is a Gauss-
ian function

(3)

The room-temperature PT spectra have a complex line
shape, consisting of more than one peak. This complexi-
ty poses difficulties in obtaining the transition energies
directly from the spectra. A fitting procedure is required,
in which the energy, the lifetime, and the intensity of the
transition are treated as adjustable parameters. When
multilayer structures are probed by photoreAectance, in-
terference oscillations due to multiple reAections on inter-
nal interfaces result in a spurious background. In addi-
tion, changes in the real and imaginary parts of the
dielectric function both contribute to the PR line shape,
making spectral analysis difficult. ' Since the InP sub-
strate is transparent in the wavelength region of interest,
running the experiment in the transmittivity mode (pho-
totransmittance) minimizes the above effects, which
greatly simplifies the fitting process. Indeed, the relative
change of transmittivity AT/T is determined by the
change of the imaginary part of the dielectric function or,
equivalently, by the change An of the absorption
coefficient:

AT
T

= —Lha,

where L is the modulation depth, essentially equal to the
depletion region.

In the present work, the photoinduced changes 60., as-
sociated with a single resonance, will be described in
terms of first derivatives of the absorption coefficient n
with respect to the energy Eo, the inverse lifetime I, and
the intensity I of the excitonic transition: "

in which thermal effects and interface roughness contrib-
ute separately by I z and I „respectively, to the total
standard deviation I,

I —(I 2 + I 2)1/2

The latter is a measure of the linewidth broadening
and, in the following, it will be referred to as the broaden-
ing parameter. Except from SQW's, we have also mea-
sured the bulk Ino~&Gao 46As/InP system for compar-
ison. In Fig. 4, room-temperature PT data from the bulk
material are fitted by a Gaussian and a Lorentzian. The
latter gives a very poor fit especially at the "wings" of the
spectra. On the contrary, the Gaussian function gives an
excellent fit with Eo=0.731 eV and broadening parame-
ter I =4.9 meV, which gives the contribution of thermal
effects to the linewidth. It is expected that the Gaussian
character of the absorption profile will be even more pro-
nounced in SQW's, since interface roughness results in
random Auctuations of the well width with a Gaussian
distribution.

Interband transition energies and broadening parame-
ters have been determined by fitting the electrotransmit-
tance spectra of SQW's with the set of equations (1)—(4)
and their values are given in Table I. It has to be men-
tioned here that since ET and PT are equivalent measure-
ments it would be redundant to model both of them.
Therefore, ET was chosen for the modeling since the
latter exhibited clear, less noisy, and well-resolved spec-
tra. The ET spectrum of sample S1 is typically shown in
Fig. 5, represented by the solid line. The fitting curve is
shown with the dashed line. The first term in Eq. (2),
which gives the modulation of a with respect to the ener-

gy Eo of the transition, is the dominant term in describ-
ing the ET spectra of all the SQW's. This means that
the dominant modulation mechanism involves the altera-
tion of the energy of the confined states by the electric
field via the quantum confined stark effect (QCSE). A
small contribution from the other terms in Eq. (2) is need-
ed in order to describe the slight asymmetry with respect
to the baseline which appears in some of these peaks. It
is worth noticing the large difference between the bulk
(Fig. 4) and SQW PT line shapes. In the latter case, the
line shape consists of a positive and a negative peak,
symmetrically placed with respect to the baseline, as
compared to the large negative peak in the former case.
For the bulk case, it suffices to consider only the deriva-
tive with respect to the broadening parameter I in order
to describe adequately the whole spectrum. This is ex-
pected since exciton lifetime in the bulk is very sensitive
to changes in the surface electric field. An increase of the
electric field leads to exciton ionization with a consequent
increase of the linewidth broadening. In SQW's, the
presence of the barriers inhibits field-induced exciton ion-
ization and the modulation of the transition energy due
to the QCSE becomes the dominant mechanism.

This fitting procedure is proven useful in distinguishing
between the various modulation mechanisms which give
further information on the physical processes involved in
the electromodulation of bulk and low dimensionality
structures. A careful line-shape analysis is also needed in
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order to extract information on the factors which
influence the linewidth of the spectra. It is remarkable
that our room-temperature phototransmittance and elec-
trotransmittance spectra include a large number of well-
resolved peaks, corresponding to higher-energy QW tran-
sitions. This gives us the opportunity to systematically
study, in the next section, the dependence of the peak
broadening on quantum number and correlate it to the
presence of interface roughness ' in the quantum wells.

C. Interband transitions and broadening
parameters —a comparison with theory

A comparison of the experimentally measured transi-
tion energies with theory predictions is expected to pro-
vide valuable information on band-structure parameters,
such as the band offset, effective mass, and energy gap of
the In Ga, ,As/Ino 52Alo~sAs heterostructure, at 300
K. We treat carriers within the effective-mass approxi-
mation and we use a simple finite square-well model, first
described by Bastard and Brum, in order to calculate
the energy of the confined states of electrons and holes.
Exciton binding energy has not been taken into account
in the present calculation. Nevertheless, this does not
modify significantly the results for the 250-A wells since
the exciton binding energy is less than 4 meV in such
thick QW's. Also, valence-band mixing eff'ects have not
been considered here. The results of the calculation and
the experimental values are summarized in Table I, while
the band-structure parameters used are listed in Table II.

An important parameter in the calculation is the bar-
rier height for electrons and holes, which was set equal to
the conduction- and valence-band discontinuity, respec-
tively. Our experiments provide a set of data, which
could be used in order to determine band discontinuities.
However, it is not a purpose of this work to propose new
values for these parameters. Our effort has rather been
concentrated on fitting our experimental data by using al-
ready existing parameters, taken from the literature.
This procedure could provide a further check of the va-
lidity of the band offset values that have been previously
reported.

Based on capacitance-voltage measurements, People
et aI. ' gave a value of 0.5 eV for the conduction-band
discontinuity of the lattice-matched heterostructure.
Other workers have found this value to agree well with
their experimental data. ' ' Therefore, we use it in the
present work in order to calculate the transition energies
for the case x =0.53. As indium composition in the well
increases, the conduction-band discontinuity also in-

creases, presumably due to the smaller band gap of
In Ga& As. For the case x =0.6, a value AE, =0.55
eV is used, in accordance with recent reports for the same
heterostructure system. '

The results of the calculation and the experimental
data are plotted on the same graph in Fig. 6, where the
variation of the transition energies with the quantum
number n is shown for the two wide well samples. The
lattice-matched sample S1 corresponds to the energy
scale on the left axis while the strained sample S2 is to be
read on the right axis. Symbols represent experimental
data taken from Table I, while the small horizontal lines
correspond to the theoretical points, obtained by using
the aforementioned finite square-well potential model.
On the same graph, the solid lines indicate the quadratic
dependence E„=E +Pi m. n /2pL, in an infinite
square-well potential approximation, where E is
the band-gap energy of In Ga, As and

p =m,*mz*/(m,*+mh ) is the interband reduced effective
mass. When using infinite barriers, the square-well model
gives a good prediction of the ground 11h transition but
it departs rapidly from the experimental points at higher
energies. By using finite barrier heights though, a better
agreement with the experiment is obtained, as demon-
strated by the horizontal lines in Fig. 6. For sample S1,
the model predicts correctly the first four transitions but
overestimates the energies of the remaining three transi-
tions at larger quantum numbers. The failure of the
model at higher energies may be explained by the fact
that the effective-mass approximation is insufFicient to de-
scribe electron and hole states at this energy range. It is
possible that consideration of band nonparabolicity
effects may lead to an improved model. The same prob-
lem was faced by Satzke et al. ' in their low-temperature
electroabsorption data of 138- and 103-A-thick MQW's.
These workers, in an attempt to remove the discrepancy
between theory and experiment, have considered nonpar-
abolic bands within Kane's approximation, " but with lit-
tle success. They found it necessary to consider a linearly
increasing electron effective mass with energy in order to
match their experimental results. In our case, it is in-
teresting to notice that a better agreement between
theory and experiment is obtained for the sample S2 with
In composition x =0.6. An explanation may be based on
the fact that the QW depth increases as a result of the
band gap lowering at higher In concentrations. Our
analysis predicts that the higher-energy states are more
sensitive to the choice of band offsets and effective masses
compared to the lowest two or three states. This demon-
strates the importance of observing the higher-lying tran-

TABLE II. Band-structure parameters used in the finite square-well potential model calculations.

Eg (eV)
x =0.53 x =0.6

hE, (eV)
x =0.53 x =0.6 m,*/m, mI,'~ ~~,

In„Gal As
Ino 52Alo 4gAS

0 745'
1.46'

0.692' 0.50b 0.55' 0.041
0.075'

0.377'
0.57'

'Reference 46.
Reference 41.

'Reference 19.

Reference 50.
'Reference 15.
'Reference 51.
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sitions in the modulation spectra, in order to check the
validity of the band-structure parameters used in such
calculations.

The band-gap energy E of In Gal As is another
quantity which needs careful consideration. Different
room-temperature Eg values, in the range between 0.73
and 0.75 eV, have been obtained from photolumines-
cence, ' photoreflectance, ' and absorption measure-
ments for the lattice-matched In053Ga0$7As/InP bulk
system. Calculation of E for a certain In composition x
is based on a linear interpolation between the band-gap
energies of the two constituent binaries. However, a
non-negligible quadratic term, whose coefficient (the bow-
ing parameter) is not well known, is also involved in the
calculation. Early optical studies have produced values
of the bowing parameters in the range between 0.36 and
0.5. ' In the present work, we calculate Eg(x) based
on a formula of Ji et a/. , which uses the bowing param-
eter C =0.45, very close to the value of 0.475 derived by
Goetz et al. from their photoluminescence experi-
ments. This formula gives a value E =0.745 eV for the
lattice-matched composition x =0.53, which is very close
to 0.75 eV reported by Goetz et al. We consider the
value E =0.745 eV to be a good estimate of the band-
gap energy of the lattice-matched In Gai As material.

For In composition different from the lattice-matched
x =0.53, the band-gap energy has to be corrected for
strain that might be present in the material. In the case of
sample S2 with x =0.6, the lattice mismatch, calculated
from Vegard's law, is Aa/a =4.5 X 10 . The absence of
misfit dislocations in S2, verified by transmission electron

QUANTUM NUMBER n

FIG. 6. Transition energies versus the quantum number for
(a) the lattice-matched and (b) the strained wide QW's, at 295 K.
Symbols denote experimental points. Horizontal bars indicate
theoretical positions according to a finite square-well potential
model and solid lines describe predictions of an infinite square-
well potential.

microscopy, indicated that the mismatch is fully accom-
modated by coherent compressive strain e, which is equal
in magnitude to the lattice mismatch: e= —b,a /
a = —4.5X10 . The strain-induced band-gap energy
shift AE, associated with the heavy-hole state, can be
calculated from

bE =2a(1 —C,2/C„)& b(—1+2 C, 2/C„)e .

The stiffness coefficients are taken to be C»
=10.29X10» and Ci2=5. 1X10» dyn/cm, while the
hydrostatic and shear deformation potentials are given
the values a= —7.45 eV and b = —1.75 eV, respectively.
All of them represent mean values between the corre-
sponding binaries. Strain shifts the band gap upwards
to a value of 0.692 eV which is 18 meV larger than the
unstrained value, obtained from the formula of Ji et al.
for x =0.6. By using E =0.692 eV, an excellent fit of
the experiment was obtained for sample S2, as can be
seen in Fig. 6.

The study of the influence of interface roughness to the
linewidth of optical spectra has been limited so far to
low-temperature photoluminescence measurements in
which only the ground-state transition was involved. '

The appearance of a large number of higher interband
transitions, with well-resolved line shapes, in our room-
temperature electrotransmittance spectra, permitted us to
systematically study the dependence of the broadening
parameter I on the quantum number n. We have chosen
to examine only the lattice-matched QW $1, in order to
avoid any contributions from strain in the sample with
x =0.6. The broadening parameters, measured from the
fitting of the spectra with the Gaussian of Eq. (3), are
denoted by symbols in Fig. 7. It can be seen from this
figure that for small quantum numbers up to n =3, I
remains approximately constant. For larger quantum
numbers, I increases rapidly, spanning the range from 5
meV for n =1 up to 14 meV for the highest transition
n =7.

There exists clearly a superlinear relationship between
I and n, which could be fitted by many models with
proper adjustable parameters. However, Eq. (4) is sug-
gestive of thermal and interface roughness contributions
to the linewidth. The latter effect can be understood by
considering that small fluctuations bL„of the well width
obeying a Gaussian distribution, result in corresponding
fluctuations EE„of the transition energies, ' ' which
can be obtained to the first order from AE„
=(dE„/dL )b,L . In the infinite square-well potential
approximation, there is a quadratic dependence of the
transition energies on n, so that, according to the former
relation, the standard deviation I „associated with inter-
face roughness can be expressed in a simple form as '

g2 2

pL

where 51 is the standard deviation of the well-width fluc-
tuations.

By taking into consideration Eq. (4), the dependence of
the total broadening parameter I to the quantum number
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n can be expressed, in the infinite square-well approxima-
tion, as

2 1/2

I = I +5 n
pL

(6)

This equation is chosen for the description of the experi-
mental results without the use of fitting parameters. In
the absence of interface disorder (5& =0) or in the limit of
infinite well widths (L„~ao ), cases resembling that of
the bulk material, Eq. (6) reduces to I =I T. Therefore,
it occurs naturally that I T should be taken equal to 4.9
meV, which is the value of the thermal broadening pa-
rameter measured in the bulk Ino s4Gao46As/InP (see
Fig. 4 and discussion in Sec. III B). The average well
width L is set equal to 250 A, while from Table II, the
interband reduced effective mass is taken to be
p=0.037m, . The quantity 6I can take any value larger
than or equal to 2.6 A, the separation between adjacent
monolayers in the [100] direction. The variation of I
with n, as described by Eq. (6), is plotted in Fig. 7 for two
different values of 5& =2.6 A (broken line) and 5& =5.2 A
(dash-dotted line) corresponding to average well-width
Auctuations of one and two monolayers, respectively. It
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FIG. 7. The broadening parameter vs the quantum number
for the lattice-matched wide QW, at 295 K. Symbols denote ex-
perimentally obtained values. The lines represent a theoretical
model that takes into account thermal effects and interface
roughness. Two cases were considered differing by the value of
the average well-width fluctuation 5I. (a) The broken line corre-

0
sponds to 5& =2.6 A (one monolayer). (b) The dash-dotted line

0
corresponds to 5& =5.2 A (two monolayers).

is remarkable that the theoretical line corresponding to
5& =1 monolayer follows closely the experimental points,
although it predicts slightly higher values of the broaden-
ing parameter. The model clearly overestimates the
inhuence of interface disorder, which is explained by the
fact that Eq. (6) is only an approximation, valid when the
square-well potential has infinite barriers. For finite bar-
riers, which is the case here, the interface-roughness term
is expected to vary more slowly than the n dependence
in Eq. (5), implying that the 5& = 1 monolayer line will de-
cline from, while the 5&=2 monolayers line will come
closer to the experimental points. A more accurate
analysis is hampered by the lack of an analytical expres-
sion in the case of finite square-well potential systems.
However, we believe that the present approximate model
captures the physical essence of the observed monotonic
increase of the linewidth with n, identifying it as an
interface-roughness effect. Furthermore, it facilitates an
estimation of the average statistical well-width Auctua-
tions to a value between one and two monolayers.

In the aforementioned analysis, it was assumed that the
thermal broadening effects, fully accommodated in the
term I T of Eq. (6), have the same infiuence to the
linewidth of the resonance for all n. Although this may
not be strictly true, it is argued that thermal effects can-
not account for the observed strong dependence of I on
the quantum number. Indeed, if this were the case, then
the last transition (n =7), which approaches the bulk sit-
uation closer than any other transition, should exhibit a
broadening close to that of the bulk material. However,
the latter having typically I =5 meV is much more nar-
row than the former with I = 14 meV, and instead it has
a linewidth almost the same as that of the first (n =1)
transition (Fig. 7). This implies that a mechanism other
than the exciton-phonon interaction is responsible for the
excess broadening at higher values of n. The frequently
observed inferior quality of the barrier material [alloy dis-
order and clustering in In Ali As (Ref. 49)] may be
considered as a source of linewidth broadening. Howev-
er, this effect is relatively unimportant in thick QW s
(L )200 A), since the penetration of the exciton wave
function in the barrier is negligible. Finally, we note
that the first three transitions in Fig. 7 have a broadening
parameter approximately equal to the bulk value. This is
in agreement with theoretical predictions that the
ground-state exciton for thick ( )200 A) QW s is insensi-
tive to interface imperfections, contrary to what happens
in thinner QW s where the contribution of interface-
roughness is significantly larger. This is predicted from
Eqs. (5) and (6), and confirmed by experimentally
measuring an increased value of 8.5 meV for the broaden-
ing parameter of the 11h transition in the 50-A QW (S3).

A similar dependence of the broadening parameter on
the quantum number has been found by Miller et al. in
studying 100-A-thick GaAs/Al„Gai As MQW's.
Their work, however, was based on photoluminescence
and photoluminescence excitation spectroscopy at low
temperature. They found that I showed an increasing
behavior with the quantum number following a simple
formula: I =Cn, nI, , where C is a constant slightly less
than unity. The quantum numbers n, and nI, for electron
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and hole states, respectively, are different from each other
for the case of forbidden transitions. However, for al-
lowed transitions n, =nh =n, so that I follows the same
quadratic behavior as in Eq. (5). Although these workers
were the first to deduce the quadratic dependence of I on
n,, they have not associated it to interface-roughness
effects. In the present model, we have correlated the
dependence of the broadening parameter on n to interface
roughness and also included thermal effects, which are
absent from low-temperature optical data. It is expected
that our analysis will help in the interpretation of the
spectral line shapes in electromodulation experiments,
especially in cases where more than one broadening
mechanism is involved. Furthermore, it provides a sensi-
tive method for probing the quality of QW interfaces and
complements results on the subject, previously assessed
by luminescence methods alone.

IV. CONCLUSIONS

It has been shown that room-temperature photo-
transmittance and electrotransmittance are powerful
techniques for the study of interband transitions in single
quantum wells of In Ga& „As/In Al, As. They pro-
duce spectra, which are easy to interpret and analyze,
since they are related only to changes in the imaginary
part of the dielectric constant. Investigation of lattice-
matched (x =0.53) and strained (x =0.6)
In Ga] As/Inp gpAlp gsAs single quantum wells by us-
ing these techniques, resulted in a systematic study of in-
terband transitions for thin (50 A) and thick (250 A)
confined layers. The numerous transitions, resolved in
the spectra of the wide well samples, enabled modeling
the dependence of allowed transition energies and
broadening parameters on the quantum number. These
parameters were determined by fitting the electro-
transrnittance spectra with a Gaussian absorption profile,
Interband transition energies have also been calculated by

using a finite square-well potential approximation and by
taking into account compressive strain in calculating the
energy gap of In Ga, As for the case x =0.6. It was
concluded that theory matches reasonably well the exper-
iment, when the conduction-band discontinuity AE, is set
equal to 0.5 eV for the lattice-matched quantum well. A
better matching between theory and experiment was ob-
tained for the strained quantum well with the use of
AE, =0.55 eV. These values correspond to conduction-
band offsets of 70%%uo of the band-gap difference between
In Ga& As and In Al& As materials. The modula-
tion experiments provided an additional means to test
previously reported values for the conduction- and
valence-band discontinuities, as well as other band-
structure parameters. In the lattice-matched quantum
well, the broadening parameter of the lowest two transi-
tions was found to be close to the value obtained for bulk
In Ga, As, implying that these transitions are insensi-
tive to any imperfections at the heterointerfaces. This
agrees well with previous theoretical predictions for thick
quantum wells that interface roughness does not have a
significant contribution to the linewidth of the ground-
state excitonic transition. The higher-lying transitions,
however, showed an increased broadening with a super-
linear dependence on the quantum number n, which was
considered to be an effect of the presence of random
well-width fluctuations. Our treatment was general
enough to allow distinction between thermal and
interface-roughness broadening mechanisms, each one
contributing separately to the linewidth of the room-
temperature modulation spectra.
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