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Temperature dependence of exciton linewidths in InSb quantum wells
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We studied the linewidths of excitons in InSb§Aiing ¢:Sb 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.
DOI: 10.1103/PhysRevB.63.115321 PACS nuni®er71.35.Cc, 63.20.Kr, 73.2%¢b
. INTRODUCTION In,Ga_,As (Refs. 8 and 9 quantum wells. Room-
temperature excitons have been reported on many Il-VI
Excitons play a dominant role in the optical properties ofand  1ll-V  quantum wells¥’ Among them, a

semiconductor quantum wells. Their stability, therefore, isIn,Ga, _,As/In,Al;_,As quantum well had the narrowest
important for possible devices exploiting excitons. In low-band gap(773 meV in InGa _,AS).
temperature optical absorption, excitons manifest themselves InSb-based quantum wells are potentially useful for the
as sharp peaks. The peaks are broadened with increasifegprication of devices such as light-emitting diodes and laser
temperature as excitons are scattered and possibly ionized ldjodes in the mid-infrared region. In bulk InSb, excitons
phonons. At room temperature where electron-phonon scahkave a binding energy of only 0.5 meV and a very large Bohr
tering is strong, the lifetime of excitons is reduced signifi- radius of 600 A. Although exciton transitions have been ob-
cantly. served at liquid-helium temperature in extremely pure InSb
When strong phonon scattering exists, an electron in abulk,!*'! one expects exciton ionization above the tempera-
exciton state is able to gain enough energy to overcome theire where LO-phonon scattering starts to take effect. How-
capture barrier by absorbing a phonon, leading to breakdowaver, we find that in InSb-based quantum wells, excitons are
of the electron-hole pair. The thermal capture barrier is proobservable in optical absorption spectra up to room tempera-
portional to the exciton binding energy, so that excitons haviure. Previous work reported exciton spectra in sqtfaard
ing large binding energies tend to be more stable. Thus, paraboli¢® quantum wells at low temperatures. Here we re-
large exciton binding energy is favorable for room- port the observation of room-temperature excitons in
temperature operation of devices based on excitons. In widdnSb/Aly odng :Sb quantum wells and the investigation of
band-gap I1-VI semiconductors, the exciton binding energythe exciton linewidth broadening due to impurities and
in the bulk can be as high as 20 meV, which makes it posacoustic-phonon and LO-phonon scattering. The observation
sible to detect excitons even at room temperature. Excitonsf room-temperature excitons suggests also that InSb can be
are less stable in llI-V semiconductors such as GaAs, wherased to fabricate room-temperature exciton-based devices.
the exciton binding energy in the bulk is about 5 meV. The
pinding energy can be enhanced, however, by quantum con- Il. SAMPLE GROWTH AND PREPARATION
finement. In a type-lI quantum well, electrons and holes are
confined in the same layer, giving rise to a reduction of the Our InSb/Ap odNngg:Sb quantum wells were grown by
exciton Bohr radius and an enhancement of the exciton bindmolecular beam epitaxy on semi-insulatif§0l) GaAs
ing energy. In a perfectly two-dimension&D) case(infi- substrates? The samples were nominally undoped with a
nitely deep quantum well the exciton binding energy is 4 background density of ionized impurities on the order of
times the bulk effective Rydberg. In practical quantum wells,10"°cm2.1>18 |n order to isolate dislocations due to large
the exciton binding energy is typically about twice the effec-lattice mismatch between the substrate and the epilayer, a
tive Rydberg. In ZnSe/Zn ,Mg,S,Se, _, quantum wells, for  thick buffer layer was grown prior to the growth of the
instance, the exciton binding energy can be as high as 3§uantum-well structure. The buffer consists of an
meV (while it is 18 meV in ZnSe bulk Since the energy of Algodngg:Sb/INSb  superlattice sandwiched between two
longitudinal optical(LO) phonons in ZnSe is 34 meV, the 2-um Algodngo:Sb layers. The barrier layers, with nomi-
guantum confinement leads to a significant reduction of LOnally 9% Al concentration, are unstrained and the strained
phonon—electron coupling that is the dominant scatterindnSb well layers are thin enough to be pseudomorphic, as
mechanism at temperatures above 77 K. The stability of exeonfirmed by x-ray diffraction measurements, which showed
citons has been studied intensively on wide-band-gap II-Vthe excellent crystal quality of the samples. The three
ZnSe(Ref. 1), Zn,_,Cd,Se (Ref. 2, Cd,Zn, _,Te (Ref. 3,  samples discussed here have the same barrier thickness of
and CdTe(Refs. 4 and b quantum wells. There are also 500 A and different well thickneds,,= 225, 250, and 275 A.
some reported studies on llI-V GaARefs. 6 and Yand There are a total of 25 quantum wells in each of these
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FIG. 1. Optical absorption spectruplotted as transmission vs.
photon energymeasured on the 225-A quantum wells at 4.2 K. The  FIG. 2. Absorption spectréplotted as transmission vs photon
spectrum shows a number of excitonic transitions, labeled by HH1lenergy in the HH1-CB1 transition region at 4.2, 77, 120, 160, 220,
CB1, HH2-CB2, LH1-CB1, HH3-CBL1 in the figure, riding on the and 300 K for 225-A quantum wells.
steplike 2D continuum sketched by the dashed line.

Figure 2 presents the HH1-CB1 excitonic transition mea-
samples. The growth surfaces of the samples were coatedired on the.,, =225 A sample at temperatures between 4.2
with NiCr layers by thermal evaporation in order to SUPpresK and room temperature. As the temperature is increased, the
Fabry-Perot interferencé.We use a Bio-Rad 60-A Fourier- exciton line becomes broader but is still clearly visible up to
transform infrared(FTIR) spectrometer equipped with a yoom temperature. To our knowledge, the InSb quantum well
variable-temperature Dewar to probe the interband excitonig the system with the narrowest band gap for which room-
transitions. The temperature of the sample can be controlleggmperature excitons are observed. Since the exciton lines
from 4.2 K to room temperature. overlap with the exciton continuuifsee Figs. 1 and)2we
have to rely on modeling to separate these two parts in order
to extract useful information from these spectra. Both Gauss-
ian and Lorentzian line shapes have been used to fit exciton
A. Excitons at room temperature lines. Younget al!® argued that a Lorentzian line should be

Figure 1 shows an optical absorption spectrum measureﬂsed vyhen the broadeni_ng i‘.c’ dominated by homogeneous
on the sample with.,,=225 A at 4.2 K. The main features scattering and a Gaussian line shape for inhomogeneous

of the spectrum are well-defined exciton lines riding on theScattering. In rea_hty, an exciton line is ne|ther pure Gaussian
r pure Lorentzian, because an experimental exciton line is

steplike 2D exciton continuum. These lines are not separate'?xO

from the continuum since the binding energy of the excitond'Ct SYmmetric with respect to the center of the peak. Since
in our system is, even including the quantum confinement'€ ar€ _mterested only in the va_rlatlon of the exciton line-
effect. about 1 meV. We use HH. LH. and CB to represenf’v'dth with temperature and not in the absolute values, we
heavy-hole, light-hole, and conduction-band energy state£XPect that fitting the. exper[mental curves .W'.th either a
respectively, anch denotes the subband index. Thus theC—:‘aussmn or a Lorentzian oscillator will give similar results.
transition f,rom the heavy-hole ground stéte to  the!n our case, we find that the exciton line is better reproduced

conduction-band ground state is designated by HH1-CB1. AQY & Lorentzian oscillator than by a Gaussian one, implying

shown in the figure, excitons associated with the HH1-cB1 /€@K inhomogeneous scattering in our system. Since other

LH1-CB1, and HH2-CB2 transitions as well as the “forbid- transitions make a negligible contribution to the line shape in

den” HH3-CBL1 transition are clearly observed. The assign—the HH1-CB1 region, we model the experimental HH1-CB1

ment of the transition peaks is based on comparison with £0SOrption spectrum (excitercontinuum) by
four-band model calculatidfidescribed by Bastard.Due to
the strain in the system and the different effective masses of

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

le

heavy holes and light hole®.27m, and 0.014n,, respec- O(E)=a—S(E.—E) —
tively), the LH1-CBL1 transition is well above the HH1-CB1 1+exd(BE—B)/T]
transition in energy. The forbidden HH3-CB1 transition is 2 Il

near the HH1-CB1 peak but is quite weak. Thus, the line 1)
shape of the HH1-CBL1 transition is essentially unaffected by
other excitonic transitions. We therefore choose the HH1-

CB1 exciton line for the focus of our study. whereS(E.—E) is the Sommerfeld factd®

- mA(E—E)Z+T2
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1.0 — - - . , - the quantum wells, the exciton binding energy is expected to
be larger than 0.5 me\exciton binding energy in the bulk
Through fitting the experimental data at temperatures below
77 K for all three samples, we obtain reasonable exciton
binding energies in the range between 0.6 and 1 meV, but we
are unable to resolve differences between binding energies of
the different samples. As temperature increases, however, it
becomes increasingly difficult to determine the binding en-
ergy for such weak excitons due to the increasing peak
broadening and the mixing with the absorption maximum
due to the Sommerfeld enhancemésee Fig. 3.

Fitting the experimental spectra using Edj) shows that
the spectra are excitonic up to room temperature. At first
glance, exciton observation at room temperature is surprising
in a system in which the exciton binding energy is so much
smaller than the LO-phonon energt room temperature
obtained from fitting the experimental curves is around 50%
of that at 4.2 K. Electron-hole pairs can be easily broken

FIG. 3. A 4.2-K experimental HH1-CB1 spectrufthe solid ~ With increasing temperature as the number of phonons in-
line) and a theoretical fitthe dotted ling calculated using Eq(1) creases. Two factors make it possible to understand our ob-
for the 225-A quantum-well sample. The corresponding Lorentziarservation.

Transmission
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oscillator (dashed ling and the calculated continuukdot-dashed The first is our experimental technique. Typically, exci-
!iHE) are also shown. The weak valley on the calculated continuumgons are studied using optical absorption or photolumines-
is due to the Sommerfeld enhancemetow. cence techniques. In a photoluminescence measurement,

electrons are photopumped into energy levels above the bot-

2 E<E tom of the conduction band, becoming hot electrons. The hot

S(E.—E)= 2 E-p electrons then relax to the bottom of the conduction band by
> . . . . .

1t ex— 27 RIE-E)] c emitting phonons and/or exchanging energies with defects

and dislocations. If the electrons in the conduction band re-

In Eg. (1) and the expression above, the first temm,is a  combine with holes in the valence band, they only contribute
constant, defining the transmission of the overall spectrumto continuum emission. The observation of exciton emission
The second term represents exciton continuum absorptiorequires that the electrons in the bottom of the conduction
modified by a Sommerfeld enhancement factor, Withbe-  band further relax to exciton states and then recombine with
ing the broadening parameter of the continudRrbeing the  holes. At low temperature, the recombination occurs quickly
exciton effective Rydberg, and corresponding to the step at a time constant=500 ps in GaAs/AlGa _,As,?! for in-
height of the 2D continuum. The third term is a Lorentzianstance. However, this recombination rate decreases with in-
oscillator used to describe exciton absorption, Withbeing  creasing temperature as the rate of phonon ionization of ex-
the broadening parameter ahdhe integrated peak intensity citons increases. Thus, excitonic photoluminescence can be
of the exciton lineE, andE, are the energy positions of the suppressed at high temperature, as shown in many reports. In
continuum and the exciton peak, respectively. The calculaeptical absorption, however, an exciton is formed by photon
tion using Eq.(1) reproduces a spectrum in excellent agree-absorption, leaving a signature on the absorption spectrum.
ment with the experimental spectrum, as shown by the thickhe energy of the photon absorbed by the electron has an
solid curve(experimentaland the dotted onéheoretical in uncertainty corresponding to the final-state exciton line-
Fig. 3. The Lorentzian oscillator and the continuum contri-width. Thus, excitonic absorption can take place even at high
butions are depicted separately in the figure. As marked itemperature. Furthermore, photoluminescence becomes less
the figure, the Sommerfeld correction to the exciton con-useful for materials in which the luminescence efficiency is
tinuum causes a weak absorption maximum peak at energisggnificantly decreased. Optical absorption, on the other
above the exciton continuum. Although there are a total ohand, essentially maps the density of states so that it is not
seven fitting parameters in E@L), we find that their contri- sensitive to defects that have a much lower density of states.
butions to the line shape are mutually independent in the The second factor needed to understand our observations
fitting process. Using Eq2) to fit the experimental absorp- is the weak LO-phonon—electron coupling in our systems, as
tion spectra in the wavelength range of the HH1-CB1 tranwill be discussed in the following section. The weak cou-
sition, we obtained broadening parameters, integrated pegking makes it easy for the exciton signature to be resolved
intensities(or step height for the exciton continuyyrand  after a careful line-shape analysis to separate the exciton line
peak positions for both the exciton and the continuum tranfrom the background and the continuum absorption. Our
sitions. study shows that optical absorption is a highly suitable tech-

The exciton binding energy.—E., can be obtained nique for the detection of excitons in semiconductor materi-
through fitting using Eq(1). Due to the 2D confinement in als in which excitons are weakly bound.
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Wrr—————7——7—16 and interfacial roughness. The temperature-dependent homo-
geneous broadening is due to scattering by phonisc-

tron scattering’ is negligible herg The temperature depen-
dence of the exciton linewidtltor the continuum can be
described b$?

B exciton

O continuum

1—‘LO
quﬁwLolkBT) -1’

(M= +yaT+ 2
where w| o is the LO-phonon frequencyl;, is inhomoge-
neous broadeningy, accounts for broadening due to acous-
tic phonon scattering, and, o is due to the scattering by LO
phonons. At low temperatuigypically below 100 K where
the effect of LO-phonon scattering is not significaht, is
) S S S T the dominant factor for the overall spectral broadening. We
0 50 100 150 200 250 30 fit the experimental” as a function of temperature using Eq.
Temperature (K) (2) and the results are presented in Fig. 4 by the solid curves.
Parameterd’,, y,, andI' 5 obtained through fitting are
listed in Table I.

Broadening parameter (meV)

FIG. 4. Experimental exciton and continuum linewidths as a

function of temperature measured bg=275A quantum wells. We are able to grow materials with very high quality, as
The solid curves are the fit to the experimental data using(Bg. !

and the dashed curve is the fit to the exciton linewidth by ignoring\(a\(/amonsuat(ad by the d|st|nct_eXC|t0n lines in Flg;. 1 an.d 2.
scattering by acoustic phonons. Ve expect a very low density of defectg and d|slocat|on§
since the samples are unrelaxed, as confirmed by x-ray dif-
fraction measurements. Furthermore, the compositional fluc-
tuation is negligible since the excitons in our samples are
Experimental HH1-CB1 exciton and continuum line- localized in InSb wells. Thus, we expect that the dominant
widths as a function of temperature are presented in Fig. 4ontributions toI’, come from two parts: the interfacial
for the 225-A quantum wells. The linewidths of the exciton roughness and ionized impurities. Due to the use of the rela-
and the continuum have a similar temperature dependencgvely large well widths in our samples, the effect of interface
However, the broadening parameter of the excitons is nearlgpughness is small. Interface roughness may become an
3 times that of the continuum at low temperatures. In factpverwhelming contribution to inhomogeneous broadening
one should not compare the two linewidths directly, since thdor narrow quantum wellé*?° The interfacial roughness can
2D effect modifies the density of states of the free electronge estimated as a one-monolayer3-A) fluctuation in well
and the density of states of the excitons in quite differenthickness, corresponding to about 1-meV uncertainty in the
ways. The 3D density of states of the form-of E— Eg)/? energy of the HH1-CB1 transition in the samples discussed
(continuum becomes steplike due to 2D confinement, whilehere.
the density of states of the exciton is not significantly The contribution td’, by ionized impurities is due to the
changed from 3D to 2D since excitons are localized stétes. Stark effect in a random Coulomb field, which takes the form
As a result, the 2D effect modifies the linewidth of electronsof*?
in the continuum significantly, but only weakly affects the
linewidth of the excitons. We measured the continuum ab- 2o 43| Mo 2 1
sorption of a high quality 3sm InSb epilayer grown on a AE~2X10""N; 7 Ep ()
GaAs substrate in the same growth condition, finding that the
linewidth was in fact about 5% larger than that of the HH1-for spherically symmetric states. In E®), u andE, are the
CB1 exciton. reduced effective mass and the binding energy of the exci-
In semiconductors, the temperature-independent inhomden, respectivelyN; is the density of ionized impurities and
geneous broadening is due to the scattering from ionizethy the mass of a bare electron. From our previous studies on
impurities, point and dislocation defects, alloy fluctuation,samples grown with the same growth paramet®t§;it is

B. Exciton linewidth

TABLE I. Inhomogeneous broadenidg at 4.2 K as well as acoustic-phonon—electron coupling constant
va and LO-phonon—electron couplifg o obtained through fitting the experimental data for samples with
well width L= 225, 250, and 275 A using Eq) with R=0.5. The numbers in parentheses are obtained
from fitting the continuum lines.

Lw (A) Iy (mev) ¥a (ueVIK) [ o (meV)
225 2.8-0.5 (1.2-0.2) 9.6-1.4 (3.5-0.7) 4.4-0.8 (1.6+0.4)
250 3.4:0.6 (1.2:0.2) 11.3-1.8 (5.2:0.8) 4.051.0 (1.2:0.4)
275 2.8:0.5 (1.0:0.2) 9.6:1.1 (2.3:0.5) 4.450.6 (2.9:0.6)
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expected thaN; is the order of 1&cm 2 in our samples. In Egs. (4) and (5), €., €, m, andm, are the optical
Using Eq.(3), we estimate that the broadening contributeddi9|ef{tric constant, the static dieleg:tric constant, the_ electron
by ionized impurities is roughly 1 meWusing x~0.014m, _effectlve mass, and the hole eﬁe;ctlve mass, respectively. Us-
andE,~1 meV). We expect therefore that ionized impurity iNg EGs. (4) and (5), one obtainsl', o(InSb)/I" o(GaAs)
scattering and interfacial roughness make roughly equal corf=0-25. Fitting the experimental data in Fig. 4 givEso
tributions to the listed experimental valuesdfin Table I ~4 MeV, to be compared to 6 meV in GaAsSincel ' is.

In semiconductorsy, is typically on the order of several sr_naII in our systems, the contribution to thg exciton I|r'1e.—
weV/K, while T' o ranges in values from a few to several width by acoustic phonons can no longer be ignored. This is
hundred meV depending on the strength of Lo_phonon_demonstra}ted by the dashed_ I|nes_ in Fig. 4shOW|_ng the fit to
electron coupling. The strong LO-phonon—electron couplingN€ experimental data by ignoring the acoustic-phonon—
comes about when the long-wavelength LO phonon gi\,eglectron coupling. As can be calculated using &j.and the

rise to an electric field that interacts with a highly polarizednumbers in Table I, the second term in E2) is even larger
exciton. Sometimes this kind of coupling can be strongthan the third term below 77 K. Thus, in our system the need

enough to break the electron-hole pair. Indegg,was ig- to inclu_de the acoustic phonon is not due to especially strong
nored in most cases in fitting experimeni&(T) because acoustic-phonon—electron coupl!ng but due to relatively
excitons in 1I-VI materials are so strongly polarizable thatWeak LO-phonon—electron coupling. B _

the interaction with LO phonons dominates. However, the Clearly, at high temperature the stability of an exciton
destabilization of excitons due to strong LO-phonon—excitorf€i€S 0on the competition between the exciton binding energy
coupling is balanced by the large exciton binding energies ind the strength of the LO-phonon—electron coupling, not
these materials. As a result, signatures of room-temperatu@y on the binding energy. In our system, the relatively
excitons are observed in a number of I1-VI semiconductorsSMall ' o permits the observation of room-temperature ex-
For GaAs systems with a band gap of 1.42 eV and excitor¢'tons-
binding energy around 12 mels meV in bulk, I' o is ~6

meV, only % of that of ZnSe. In spite of the smaller exciton
binding energy in GaAs/AlGa _ As quantum wells, room-  \ye have measured the strengths and linewidths of exci-
temperature excitons have been observed owing to the relgonic absorption in InSh/Al,dng ¢:Sb quantum wells from
tively weak LO-phonon—exciton coupling. Note that the 42 K to room temperature. Although the excitons in the
quantum confinement only changes the exciton binding ensystem are very weakly bound, the absorption spectra are

IV. SUMMARY

ergy, not the electron-phonon coupliffg. ~ excitonic up to room temperature. The observation of room-
Assuming a Frhlich type of interaction, the coupling temperature excitons is due to the use of the absorption tech-
constantl’ o can be expressed By’ nique and due to the weak LO-phonon—electron coupling in
m.| 12 the quantum wells. Also because of the weak LO-phonon—

[oxarhoo 1+ —]| (4)  electron coupling, scattering by acoustic phonons has to be

My, taken into account in fitting the experimental linewidth as a

where ap is the Frdilich electron-phonon interaction con- function of temperature.
stant, which can be written %s
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