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Temperature dependence of exciton linewidths in InSb quantum wells

N. Dai, F. Brown, R. E. Doezema, S. J. Chung, and M. B. Santos
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The University of Oklahoma, Norman, Oklahoma 73019
~Received 3 August 2000; published 2 March 2001!

We studied the linewidths of excitons in InSb/Al0.09In0.91Sb quantum wells between 4.2 and 300 K using
Fourier-transform infrared spectroscopy. Even though the exciton binding energy is only about 1 meV, the
absorption is excitonic up to room temperature, due to very weak LO-phonon–electron coupling. The electron-
phonon coupling constants and exciton binding energies were obtained through fitting the experimental data.
We found that acoustic phonon scattering must be taken into account in fitting the experimental exciton
linewidths.
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I. INTRODUCTION

Excitons play a dominant role in the optical properties
semiconductor quantum wells. Their stability, therefore,
important for possible devices exploiting excitons. In lo
temperature optical absorption, excitons manifest themse
as sharp peaks. The peaks are broadened with increa
temperature as excitons are scattered and possibly ionize
phonons. At room temperature where electron-phonon s
tering is strong, the lifetime of excitons is reduced sign
cantly.

When strong phonon scattering exists, an electron in
exciton state is able to gain enough energy to overcome
capture barrier by absorbing a phonon, leading to breakd
of the electron-hole pair. The thermal capture barrier is p
portional to the exciton binding energy, so that excitons h
ing large binding energies tend to be more stable. Thu
large exciton binding energy is favorable for room
temperature operation of devices based on excitons. In w
band-gap II-VI semiconductors, the exciton binding ene
in the bulk can be as high as 20 meV, which makes it p
sible to detect excitons even at room temperature. Excit
are less stable in III-V semiconductors such as GaAs, wh
the exciton binding energy in the bulk is about 5 meV. T
binding energy can be enhanced, however, by quantum
finement. In a type-I quantum well, electrons and holes
confined in the same layer, giving rise to a reduction of
exciton Bohr radius and an enhancement of the exciton b
ing energy. In a perfectly two-dimensional~2D! case~infi-
nitely deep quantum well!, the exciton binding energy is 4
times the bulk effective Rydberg. In practical quantum we
the exciton binding energy is typically about twice the effe
tive Rydberg. In ZnSe/Zn12xMgxSySe12y quantum wells, for
instance, the exciton binding energy can be as high as
meV ~while it is 18 meV in ZnSe bulk!. Since the energy o
longitudinal optical~LO! phonons in ZnSe is 34 meV, th
quantum confinement leads to a significant reduction of L
phonon–electron coupling that is the dominant scatter
mechanism at temperatures above 77 K. The stability of
citons has been studied intensively on wide-band-gap II
ZnSe~Ref. 1!, Zn12xCdxSe ~Ref. 2!, CdxZn12xTe ~Ref. 3!,
and CdTe~Refs. 4 and 5! quantum wells. There are als
some reported studies on III-V GaAs~Refs. 6 and 7! and
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InxGa12xAs ~Refs. 8 and 9! quantum wells. Room-
temperature excitons have been reported on many II
and III-V quantum wells.3,7 Among them, a
InxGa12xAs/InxAl12xAs quantum well had the narrowes
band gap~773 meV in InxGa12xAs!.

InSb-based quantum wells are potentially useful for
fabrication of devices such as light-emitting diodes and la
diodes in the mid-infrared region. In bulk InSb, excito
have a binding energy of only 0.5 meV and a very large Bo
radius of 600 Å. Although exciton transitions have been o
served at liquid-helium temperature in extremely pure In
bulk,10,11 one expects exciton ionization above the tempe
ture where LO-phonon scattering starts to take effect. Ho
ever, we find that in InSb-based quantum wells, excitons
observable in optical absorption spectra up to room temp
ture. Previous work reported exciton spectra in square12 and
parabolic13 quantum wells at low temperatures. Here we
port the observation of room-temperature excitons
InSb/Al0.09In0.91Sb quantum wells and the investigation
the exciton linewidth broadening due to impurities a
acoustic-phonon and LO-phonon scattering. The observa
of room-temperature excitons suggests also that InSb ca
used to fabricate room-temperature exciton-based device

II. SAMPLE GROWTH AND PREPARATION

Our InSb/Al0.09In0.91Sb quantum wells were grown b
molecular beam epitaxy on semi-insulating~001! GaAs
substrates.14 The samples were nominally undoped with
background density of ionized impurities on the order
1015cm23.15,16 In order to isolate dislocations due to larg
lattice mismatch between the substrate and the epilaye
thick buffer layer was grown prior to the growth of th
quantum-well structure. The buffer consists of
Al0.09In0.91Sb/InSb superlattice sandwiched between t
2-mm Al0.09In0.91Sb layers. The barrier layers, with nom
nally 9% Al concentration, are unstrained and the strain
InSb well layers are thin enough to be pseudomorphic,
confirmed by x-ray diffraction measurements, which show
the excellent crystal quality of the samples. The thr
samples discussed here have the same barrier thickne
500 Å and different well thicknessLw5225, 250, and 275 Å.
There are a total of 25 quantum wells in each of the
©2001 The American Physical Society21-1
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samples. The growth surfaces of the samples were co
with NiCr layers by thermal evaporation in order to suppre
Fabry-Perot interference.17 We use a Bio-Rad 60-Å Fourier
transform infrared~FTIR! spectrometer equipped with
variable-temperature Dewar to probe the interband excito
transitions. The temperature of the sample can be contro
from 4.2 K to room temperature.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Excitons at room temperature

Figure 1 shows an optical absorption spectrum measu
on the sample withLw5225 Å at 4.2 K. The main feature
of the spectrum are well-defined exciton lines riding on
steplike 2D exciton continuum. These lines are not separ
from the continuum since the binding energy of the excito
in our system is, even including the quantum confinem
effect, about 1 meV. We use HH, LH, and CB to repres
heavy-hole, light-hole, and conduction-band energy sta
respectively, andn denotes the subband index. Thus, t
transition from the heavy-hole ground state to t
conduction-band ground state is designated by HH1-CB1
shown in the figure, excitons associated with the HH1-C
LH1-CB1, and HH2-CB2 transitions as well as the ‘‘forbid
den’’ HH3-CB1 transition are clearly observed. The assig
ment of the transition peaks is based on comparison wi
four-band model calculation13 described by Bastard.18 Due to
the strain in the system and the different effective masse
heavy holes and light holes~0.27m0 and 0.014m0 , respec-
tively!, the LH1-CB1 transition is well above the HH1-CB
transition in energy. The forbidden HH3-CB1 transition
near the HH1-CB1 peak but is quite weak. Thus, the l
shape of the HH1-CB1 transition is essentially unaffected
other excitonic transitions. We therefore choose the HH
CB1 exciton line for the focus of our study.

FIG. 1. Optical absorption spectrum~plotted as transmission vs
photon energy! measured on the 225-Å quantum wells at 4.2 K. T
spectrum shows a number of excitonic transitions, labeled by H
CB1, HH2-CB2, LH1-CB1, HH3-CB1 in the figure, riding on th
steplike 2D continuum sketched by the dashed line.
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Figure 2 presents the HH1-CB1 excitonic transition me
sured on theLw5225 Å sample at temperatures between 4
K and room temperature. As the temperature is increased
exciton line becomes broader but is still clearly visible up
room temperature. To our knowledge, the InSb quantum w
is the system with the narrowest band gap for which roo
temperature excitons are observed. Since the exciton l
overlap with the exciton continuum~see Figs. 1 and 2!, we
have to rely on modeling to separate these two parts in o
to extract useful information from these spectra. Both Gau
ian and Lorentzian line shapes have been used to fit exc
lines. Younget al.19 argued that a Lorentzian line should b
used when the broadening is dominated by homogene
scattering and a Gaussian line shape for inhomogene
scattering. In reality, an exciton line is neither pure Gauss
nor pure Lorentzian, because an experimental exciton lin
not symmetric with respect to the center of the peak. Si
we are interested only in the variation of the exciton lin
width with temperature and not in the absolute values,
expect that fitting the experimental curves with either
Gaussian or a Lorentzian oscillator will give similar resul
In our case, we find that the exciton line is better reprodu
by a Lorentzian oscillator than by a Gaussian one, imply
weak inhomogeneous scattering in our system. Since o
transitions make a negligible contribution to the line shape
the HH1-CB1 region, we model the experimental HH1-CB
absorption spectrum (exciton1continuum) by

Q~E!5a2S~Ec2E!
I c

11exp@~Ec2E!/Gc#

2
2

p

I eGe

4~E2Ee!
21Ge

2 , ~1!

whereS(Ec2E) is the Sommerfeld factor:20

-
FIG. 2. Absorption spectra~plotted as transmission vs photo

energy! in the HH1-CB1 transition region at 4.2, 77, 120, 160, 22
and 300 K for 225-Å quantum wells.
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S~Ec2E!5H 2 E<Ec

2

11exp@22pAR/~E2Ec!#
, E.Ec

In Eq. ~1! and the expression above, the first term,a, is a
constant, defining the transmission of the overall spectr
The second term represents exciton continuum absorp
modified by a Sommerfeld enhancement factor, withGc be-
ing the broadening parameter of the continuum,R being the
exciton effective Rydberg, andI c corresponding to the ste
height of the 2D continuum. The third term is a Lorentzi
oscillator used to describe exciton absorption, withGe being
the broadening parameter andI e the integrated peak intensit
of the exciton line.Ec andEe are the energy positions of th
continuum and the exciton peak, respectively. The calc
tion using Eq.~1! reproduces a spectrum in excellent agre
ment with the experimental spectrum, as shown by the th
solid curve~experimental! and the dotted one~theoretical! in
Fig. 3. The Lorentzian oscillator and the continuum con
butions are depicted separately in the figure. As marked
the figure, the Sommerfeld correction to the exciton co
tinuum causes a weak absorption maximum peak at ene
above the exciton continuum. Although there are a tota
seven fitting parameters in Eq.~1!, we find that their contri-
butions to the line shape are mutually independent in
fitting process. Using Eq.~1! to fit the experimental absorp
tion spectra in the wavelength range of the HH1-CB1 tr
sition, we obtained broadening parameters, integrated p
intensities~or step height for the exciton continuum!, and
peak positions for both the exciton and the continuum tr
sitions.

The exciton binding energy,Ec2Ee , can be obtained
through fitting using Eq.~1!. Due to the 2D confinement in

FIG. 3. A 4.2-K experimental HH1-CB1 spectrum~the solid
line! and a theoretical fit~the dotted line! calculated using Eq.~1!
for the 225-Å quantum-well sample. The corresponding Lorentz
oscillator ~dashed line! and the calculated continuum~dot-dashed
line! are also shown. The weak valley on the calculated continu
is due to the Sommerfeld enhancement~arrow!.
11532
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the quantum wells, the exciton binding energy is expected
be larger than 0.5 meV~exciton binding energy in the bulk!.
Through fitting the experimental data at temperatures be
77 K for all three samples, we obtain reasonable exci
binding energies in the range between 0.6 and 1 meV, bu
are unable to resolve differences between binding energie
the different samples. As temperature increases, howeve
becomes increasingly difficult to determine the binding e
ergy for such weak excitons due to the increasing p
broadening and the mixing with the absorption maximu
due to the Sommerfeld enhancement~see Fig. 3!.

Fitting the experimental spectra using Eq.~1! shows that
the spectra are excitonic up to room temperature. At fi
glance, exciton observation at room temperature is surpris
in a system in which the exciton binding energy is so mu
smaller than the LO-phonon energy~at room temperature,I e

obtained from fitting the experimental curves is around 5
of that at 4.2 K!. Electron-hole pairs can be easily broke
with increasing temperature as the number of phonons
creases. Two factors make it possible to understand our
servation.

The first is our experimental technique. Typically, exc
tons are studied using optical absorption or photolumin
cence techniques. In a photoluminescence measurem
electrons are photopumped into energy levels above the
tom of the conduction band, becoming hot electrons. The
electrons then relax to the bottom of the conduction band
emitting phonons and/or exchanging energies with defe
and dislocations. If the electrons in the conduction band
combine with holes in the valence band, they only contrib
to continuum emission. The observation of exciton emiss
requires that the electrons in the bottom of the conduct
band further relax to exciton states and then recombine w
holes. At low temperature, the recombination occurs quic
at a time constant'500 ps in GaAs/AlxGa12xAs,21 for in-
stance. However, this recombination rate decreases with
creasing temperature as the rate of phonon ionization of
citons increases. Thus, excitonic photoluminescence ca
suppressed at high temperature, as shown in many repor
optical absorption, however, an exciton is formed by pho
absorption, leaving a signature on the absorption spectr
The energy of the photon absorbed by the electron has
uncertainty corresponding to the final-state exciton lin
width. Thus, excitonic absorption can take place even at h
temperature. Furthermore, photoluminescence becomes
useful for materials in which the luminescence efficiency
significantly decreased. Optical absorption, on the ot
hand, essentially maps the density of states so that it is
sensitive to defects that have a much lower density of sta

The second factor needed to understand our observa
is the weak LO-phonon–electron coupling in our systems
will be discussed in the following section. The weak co
pling makes it easy for the exciton signature to be resol
after a careful line-shape analysis to separate the exciton
from the background and the continuum absorption. O
study shows that optical absorption is a highly suitable te
nique for the detection of excitons in semiconductor mate
als in which excitons are weakly bound.
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B. Exciton linewidth

Experimental HH1-CB1 exciton and continuum lin
widths as a function of temperature are presented in Fi
for the 225-Å quantum wells. The linewidths of the excito
and the continuum have a similar temperature depende
However, the broadening parameter of the excitons is ne
3 times that of the continuum at low temperatures. In fa
one should not compare the two linewidths directly, since
2D effect modifies the density of states of the free electr
and the density of states of the excitons in quite differ
ways. The 3D density of states of the form of;(E2E0)1/2

~continuum! becomes steplike due to 2D confinement, wh
the density of states of the exciton is not significan
changed from 3D to 2D since excitons are localized state18

As a result, the 2D effect modifies the linewidth of electro
in the continuum significantly, but only weakly affects th
linewidth of the excitons. We measured the continuum
sorption of a high quality 3-mm InSb epilayer grown on a
GaAs substrate in the same growth condition, finding that
linewidth was in fact about 5% larger than that of the HH
CB1 exciton.

In semiconductors, the temperature-independent inho
geneous broadening is due to the scattering from ioni
impurities, point and dislocation defects, alloy fluctuatio

FIG. 4. Experimental exciton and continuum linewidths as
function of temperature measured onLw5275 Å quantum wells.
The solid curves are the fit to the experimental data using Eq.~2!
and the dashed curve is the fit to the exciton linewidth by ignor
scattering by acoustic phonons.
11532
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and interfacial roughness. The temperature-dependent ho
geneous broadening is due to scattering by phonons.~Elec-
tron scattering22 is negligible here!. The temperature depen
dence of the exciton linewidth~or the continuum! can be
described by23

G~T!5G I1gAT1
GLO

exp~\vLO /kBT!21
, ~2!

where vLO is the LO-phonon frequency,G I is inhomoge-
neous broadening,gA accounts for broadening due to acou
tic phonon scattering, andGLO is due to the scattering by LO
phonons. At low temperature~typically below 100 K! where
the effect of LO-phonon scattering is not significant,G I is
the dominant factor for the overall spectral broadening. W
fit the experimentalG as a function of temperature using E
~2! and the results are presented in Fig. 4 by the solid cur
ParametersG I , gA , and GLO obtained through fitting are
listed in Table I.

We are able to grow materials with very high quality,
demonstrated by the distinct exciton lines in Figs. 1 and
We expect a very low density of defects and dislocatio
since the samples are unrelaxed, as confirmed by x-ray
fraction measurements. Furthermore, the compositional fl
tuation is negligible since the excitons in our samples
localized in InSb wells. Thus, we expect that the domin
contributions toG I come from two parts: the interfacia
roughness and ionized impurities. Due to the use of the r
tively large well widths in our samples, the effect of interfa
roughness is small. Interface roughness may become
overwhelming contribution to inhomogeneous broaden
for narrow quantum wells.24,25 The interfacial roughness ca
be estimated as a one-monolayer~;3-Å! fluctuation in well
thickness, corresponding to about 1-meV uncertainty in
energy of the HH1-CB1 transition in the samples discus
here.

The contribution toG I by ionized impurities is due to the
Stark effect in a random Coulomb field, which takes the fo
of10

DEs'2310230Ni
4/3S m0

m D 2

Eb
21 ~3!

for spherically symmetric states. In Eq.~3!, m andEb are the
reduced effective mass and the binding energy of the e
ton, respectively;Ni is the density of ionized impurities an
m0 the mass of a bare electron. From our previous studies
samples grown with the same growth parameters,15,16 it is

g

tant
ith
ed
TABLE I. Inhomogeneous broadeningG I at 4.2 K as well as acoustic-phonon–electron coupling cons
gA and LO-phonon–electron couplingGLO obtained through fitting the experimental data for samples w
well width LW5225, 250, and 275 Å using Eq.~2! with R50.5. The numbers in parentheses are obtain
from fitting the continuum lines.

LW ~Å! G I ~meV! gA ~meV/K! GLO ~meV!

225 2.860.5 (1.260.2) 9.661.4 (3.560.7) 4.460.8 (1.660.4)
250 3.460.6 (1.260.2) 11.361.8 (5.260.8) 4.061.0 (1.260.4)
275 2.860.5 (1.060.2) 9.661.1 (2.360.5) 4.460.6 (2.960.6)
1-4
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expected thatNi is the order of 1015cm23 in our samples.
Using Eq.~3!, we estimate that the broadening contribut
by ionized impurities is roughly 1 meV~usingm;0.014m0
andEb;1 meV!. We expect therefore that ionized impuri
scattering and interfacial roughness make roughly equal c
tributions to the listed experimental values ofG I in Table I.

In semiconductors,gA is typically on the order of severa
meV/K, while GLO ranges in values from a few to sever
hundred meV depending on the strength of LO-phono
electron coupling. The strong LO-phonon–electron coupl
comes about when the long-wavelength LO phonon gi
rise to an electric field that interacts with a highly polariz
exciton. Sometimes this kind of coupling can be stro
enough to break the electron-hole pair. Indeed,gA was ig-
nored in most cases in fitting experimentalG(T) because
excitons in II-VI materials are so strongly polarizable th
the interaction with LO phonons dominates. However,
destabilization of excitons due to strong LO-phonon–exci
coupling is balanced by the large exciton binding energie
these materials. As a result, signatures of room-tempera
excitons are observed in a number of II-VI semiconducto
For GaAs systems with a band gap of 1.42 eV and exc
binding energy around 12 meV~5 meV in bulk!, GLO is ;6
meV, only 1

30 of that of ZnSe. In spite of the smaller excito
binding energy in GaAs/AlxGa12xAs quantum wells, room-
temperature excitons have been observed owing to the
tively weak LO-phonon–exciton coupling. Note that th
quantum confinement only changes the exciton binding
ergy, not the electron-phonon coupling.21

Assuming a Fro¨hlich type of interaction, the coupling
constantGLO can be expressed by26,3

GLO}aF\vLOS 11
me

mh
D 1/2

, ~4!

where aF is the Fröhlich electron-phonon interaction con
stant, which can be written as26

aF5e2@e`
212e0

21#S me

2\3vLO
D 1/2

. ~5!
.
tt,

. F

un
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In Eqs. ~4! and ~5!, e` , e0 , me , and mh are the optical
dielectric constant, the static dielectric constant, the elec
effective mass, and the hole effective mass, respectively.
ing Eqs. ~4! and ~5!, one obtainsGLO~InSb)/GLO~GaAs)
;0.25. Fitting the experimental data in Fig. 4 givesGLO
;4 meV, to be compared to 6 meV in GaAs.27 SinceGLO is
small in our systems, the contribution to the exciton lin
width by acoustic phonons can no longer be ignored. Thi
demonstrated by the dashed lines in Fig. 4 showing the fi
the experimental data by ignoring the acoustic-phono
electron coupling. As can be calculated using Eq.~2! and the
numbers in Table I, the second term in Eq.~2! is even larger
than the third term below 77 K. Thus, in our system the ne
to include the acoustic phonon is not due to especially str
acoustic-phonon–electron coupling but due to relativ
weak LO-phonon–electron coupling.

Clearly, at high temperature the stability of an excit
relies on the competition between the exciton binding ene
and the strength of the LO-phonon–electron coupling,
only on the binding energy. In our system, the relative
small GLO permits the observation of room-temperature e
citons.

IV. SUMMARY

We have measured the strengths and linewidths of e
tonic absorption in InSb/Al0.09In0.91Sb quantum wells from
4.2 K to room temperature. Although the excitons in t
system are very weakly bound, the absorption spectra
excitonic up to room temperature. The observation of roo
temperature excitons is due to the use of the absorption t
nique and due to the weak LO-phonon–electron coupling
the quantum wells. Also because of the weak LO-phono
electron coupling, scattering by acoustic phonons has to
taken into account in fitting the experimental linewidth as
function of temperature.
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