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Excitonic line broadening in PbSrSe thin films grown
by molecular beam epitaxy
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Pb12xSrxSe thin films grown by molecular beam epitaxy have been investigated by x-ray diffraction
and temperature-dependent photoluminescence measurements with the Sr composition as high as
0.276. Temperature and composition dependent excitonic line broadening effects in PbSrSe thin
films have been studied on the basis of the proposed theoretical models and the experimentally
obtained lattice constant, excitonic energy gap and effective mass as a function of the alloy
composition. The exciton-longitudinal optical phonon coupling model has been employed
successfully for PbSrSe with a coupling strength of 51.0 meV, which can be well explained by the
proposed theoretical approach. The lattice deformation may have played a key role in the
composition dependent broadening in PbSrSe at low temperature, rather than the normally observed
alloy disorder effect in III–V and II–VI semiconductor materials. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1448897#
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I. INTRODUCTION

The growth of IV–VI lead chalcogenide semiconducto
by molecular beam epitaxy~MBE! opens the possibility for
novel optoelectronic devices, particularly useful for lo
wavelength infrared intrinsic detectors and mid-infrar
lasers.1 Alloying Sr into PbSe can significantly increase t
band gap energy of Pb12xSrxSe, which is tunable from 0.28
eV to 3.60 eV at room temperature withx50 and 1, respec-
tively. The material has a multivalley band structure w
band extrema at theL point in k space of the first Brillouin
zone, and the band gap is at the four equivalentL points in
the Brillouin zone. The absence of a heavy-hole band
duces the nonradiative Auger recombination rate, one or
orders of magnitude lower than that of narrow gap III–V a
II–VI materials,2,3 and influences favorably the high tem
perature threshold current. Lower density of states and st
ger interband matrix elements allow the appearance of sti
lated emission at relatively low generation rates. As a res
strong continuous-wave room temperature stimulated em
sion luminescence has been observed2,3 between 3.0 and 4.0
mm from PbSe/PbSrSe multiple quantum well~MQW! struc-
tures, well above the limit of 2.3mm in type II quantum
cascade laser structures using narrow gap III–V antimon
semiconductor materials.

Photoluminescence~PL! is one of the best tools to stud
radiative relaxation phenomena and characterize thin
quality. We have revealed4 that the exciton transitions ar
localized in PbSrSe with low Sr composition, and the ex
tons are separated into either free or trapped~strongly local-
ized! excitons in high Sr composition PbSrSe films. Furth
on, high temperature~or even room temperature! excitonic
effects allow very promising features, such as optical bis
3620021-8979/2002/91(6)/3621/5/$19.00
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bility, four-wave mixing and large electro-optic coefficients5

PL technique especially allows one to investigate spec
properties of materials such as PL excitonic line broaden
due to the temperature and alloy disorder. Excito
longitudinal optical~LO! phonon coupling plays an impor
tant role for the use of semiconductors and their quant
well ~QW! structures as optoelectronic devices. The und
standing of physical phenomena of excitonic line broaden
in PbSrSe thin films is therefore of great interest for its la
and other device applications. In this paper, excitonic l
broadening effects due to the temperature and alloy fluc
tions have been studied in detail for MBE grown Pb12xSrxSe
thin films with Sr compositions of as high as 0.276. T
optical investigation in the literature is limited to the narro
band Pb12xSrxSe materials with the largest Sr compositio
of less than 0.1–0.2.1,6,7 This enables us to obtain informa
tion on the excitonic lines and material parameters o
much wide spectral range, due to the rapid increase in en
gap with the Sr composition.

II. EXPERIMENTAL DETAILS

Three PbSrSe thin films were grown on freshly cleav
BaF2 ~111! substrates by MBE techniques in an Intevac GE
II Modular system. PbSe, Se, and Sr are used as source
terials, and the Sr concentration in PbSrSe films can be
termined from the beam equivalent pressure~BEP! ratios of
the Sr and PbSe fluxes. A Sr-to-PbSe flux ratio of 2.9
7.4%, and 12.0% was employed to grow the three PbS
thin films. This results in Sr compositions of 0.066, 0.17
0.276, respectively, based on the calibration of Lambre
et al.1 and about 12% BEP calibration error~within the un-
certainty of the calibration1! due to the different concentra
1 © 2002 American Institute of Physics
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tion gradients across the sample holder in different M
facilities.3,4 The thin films have layer thickness of around
mm. The temperature-dependent PL and absorption meas
ments for the PbSrSe thin films were performed on a Nico
Nexus 870 Fourier transform infrared spectrometer~FTIR!
with a liquid nitrogen cooled InSb detector and a 532 n
laser as the excitation source for PL and a globar infra
source for absorption. The optical measurements were m
at the resolution of 4 cm21. The x-ray diffraction~XRD!
measurements were carried out on a Shimadzu XD-3A
tem.

III. THEORETICAL BACKGROUND

With the increase of temperature, the exciton transit
in semiconductors is broadened by LO phonon scatter
and the temperature-dependent exciton linewidth~G! can be
described by the sum of the temperature-independent in
mogeneous term (G i) and the temperature-dependent hom
geneous term (Gh). The latter is the product of exciton–LO
phonon coupling strength (Gc) and the LO-phonon
population (NLO):

G5G i1Gh , Gh5Gc•NLO5Gc@exp~\vLO /kBT!21#21

~1!

with kBT the thermal energy and\vLO the LO-phonon en-
ergy. Furthermore, the homogeneous linewidthGh is directly
related with the exciton radiation decay time (t rad), which
has been theoretically proposed by Feldmannet al.8 and ex-
perimentally demonstrated recently:9,10

t rad;Gh@12exp~2Gh /kBT!#21 ~2!

and it is obvious that the exciton–LO-phonon coupling is
important parameter for the use of semiconductors and t
QW structures as optoelectronic devices, and is still a sub
of considerable experimental and theoretical interest.8–12

A long wavelength LO phonon in a polar semiconduc
produces an electrical field13

E„r …524pF(qeq@aq exp~ iq•r !1aq
1 exp~2 iq•r !#,

~3!

where q is the phonon wave vector,eq is the polarization
vector,aq and aq

1 are the phonon annihilation and creatio
operators, respectively, and the constantF is given by14

F5@\vLO/8pV!~1/e`21/e0!] 1/2

•@~me* mh* !/~2m\3vLO!#1/4. ~4!

HereV is the volume unit,e` ande0 are the high frequency
and static dielectric constants, respectively,m, me* and mh*
are the exciton, electron, and hole effective masses, res
tively. The relatively large size of a Wannier exciton mak
the phonon highly polarizable, so the LO phonons cou
strongly to the excitons, and the exciton–LO-phonon c
pling Hamiltonian~Fröhlich Hamiltonian! can be expresse
as13,15

Ĥcoup5(qeq$aqVq@exp~ iq•r e!2exp~ iq•r h!#

1aq
1Vq

1@exp~2 iq•r e!2exp~2 iq•r h!#%, ~5!
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where the subscriptse and h represent the electrons an
holes, respectively, and

Vq5 i4peF/q, ~6!

with e being the free electron charge.
The exciton–LO-phonon coupling strengthGc is propor-

tional to the square of the probability amplitude of the tra
sition from the initial stateua& to the final statêbu,

Gc}u^buĤcoupua&u2, ~7!

and therefore it can be approximated as

Gc}uVqu252pe2~1/e`21/e0!

3@~me* mh* !\vLO /~2m!#1/2/~\q2V!. ~8!

On the other hand, in ternary alloy semiconductors,
scatter of the band-gap energy due to the statistical distr
tion of the two kinds of elements~here Pb and Sr in
Pb12xSrxSe! results in the broadening of the luminescen
linewidth. The average numbers of Pb and Sr atoms wit
the excitonic volume are (12x)KVexc andxKVexc, respec-
tively, with K54/d3 the cation density~d the lattice con-
stant!, and Vexc54paexc

3 /3 the excitonic volume (aexc the
exciton radius!. The alloy broadening can be obtained fro
the standard deviation of the alloy composition within t
excitonic volume by assuming a Gaussian line shape, an
then given by

dE52~2 ln 2!1/2@3x~12x!/~16paexc
3 /d3!#1/2 dEg /dx,

~9!

wheredEg /dx is the change of the energy band gap with t
alloy compositionx.

IV. RESULTS AND DISCUSSION

For a comparison of theories with experimentally o
served temperature- and Sr composition-dependent excit
broadening effects in PbSrSe thin films, it is better to ha
some important and sensitive~to composition! thin film pa-
rameters, such as lattice constant, the change of the en
band gap with the alloy compositionx(dEg /dx), and effec-
tive mass, to be taken on the same material. The alloy c
position, lattice constant, and the lattice mismatch strain
be detected nondestructively by the XRD measureme
Shown in the inset of Fig. 1 is the spectrum for a thin film
Pb0.934Sr0.066Se on BaF2(111) substrate. Figure 1 shows th
XRD results of lattice constant as a function of the Sr co
positionx, where a linear dependence of the lattice const
d as a function ofx is found. This demonstrates that Vegard
law is valid in the Pb12xSrxSe alloy system withx up to at
least 0.276:

d56.12410.143x ~Å ! ~0<x<0.276! ~10!

with a regressive coefficient of 0.9986 and standard de
tion of 0.0011. The composition coefficient of 0.143 is rig
between the reported value of 0.123 for 0<x<0.23 in Ref. 3
and 0.153 for 0<x<0.10 in Ref. 1, which in turn demon
strates the good accuracy of the composition from our M
growth design and spectroscopic measurements. The la
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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mismatch between the Pb12xSrxSe thin films and BaF2~111!
substrates is small: 0.013– 0.023x for 0<x<0.276.

The excitonic band gap as well as the exciton linewid
as a function of temperature and compositionx was deter-
mined from PL measurements. Typical PL spectra at 4.2 K
our samples are presented in Fig. 2 with the laser excita
intensity of 1.0 W/cm2. Strong room temperature lumines
cence can be observed in Pb0.934Sr0.066Se, demonstrating the
good quality of the sample. At low compositionx, the low
temperature spectra are dominated by single luminesce
structure, which has been assigned to be the localized e
ton ~in alloy semiconductors! transition in PbSrSe based on
systematic study of the dependence of the luminesce
spectra on the excitation intensity and temperature.4 The ex-
citonic line is separated into either free~at high energy side!
or trapped~strongly localized at low energy side! excitons at

FIG. 1. Pb12xSrxSe lattice constantd as a function of the Sr compositionx
from x-ray diffraction measurements. The solid line is the linear fit res
Shown in the inset is the x-ray diffraction spectrum for a thin film
Pb0.934Sr0.066Se on BaF2(111) substrate.

FIG. 2. Typical low temperature~4.2 K! photoluminescence spectra o
Pb12xSrxSe thin films for different Sr compositionx. Note the different
scales inx axis.
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low temperature due to the strong lattice distortions and a
fluctuations under high Sr composition of 0.276
PbSrSe.4,16 A six-band k•p model17 has been employed to
calculate the absorption edge from absorption measurem
for the effective masses in PbSrSe thin films. The mass
isotropy ratio for ternary PbSrSe was estimated from th
binary ones~mi /m'51.8 for PbSe and 3.0 for SrSe7! by
using a linear interpolation scheme. The results for the eff
tive masses parallel to the@111# directionmi is found to be

mi /m050.301331023~Eg /meV!10.00407

~200<Eg<1200 meV! ~11!

with m0 as the free electron mass andEg the energy band
gap. This expression is in good agreement with the result
Ref. 7 for small Sr composition, and PbSe18 as well.

In order to know the exciton–phonon coupling
PbSrSe thin films, we show the full width at half maximu
~FWHM! of the luminescence peak of Pb0.934Sr0.066Se thin
film as a function of temperature in Fig. 3. The other tw
samples have similar behavior, which were not shown h
With the increase of temperature, the luminescence
shape gradually becomes increasingly asymmetric, and
transition gradually changes into band-to-band. In our
periments, reliable fits for the excitonic PL are possible o
up to ;175 K. In addition, we have also observed that t
high-temperature slope decreases slightly with the Sr c
position, indicating that phonon energy in PbSrSe increa
slightly with the Sr composition~less than 2 meV withx of
0.276!. We have used the exciton–LO-phonon coupli
model by Eq.~1! to describe the exciton broadening. Sin
the LO-phonon energy for PbSrSe is not available now,
have approximately employed the value of PbSe of 1
meV19 for the PbSrSe due to the small concentration
0.066. A good fit is obtained withG i of 12.8 meV andGc of
51.0 meV, as the solid curve shown in Fig. 3. The accur
for Gc is within 62.0 meV. The inhomogeneous linewidthG i

FIG. 3. Excitonic line broadening as a function of temperature in
Pb12xSrxSe thin film with the Sr compositionx o f 0.066. The solid curve is
the calculated results from the exciton-LO phonon coupling model with
coupling strengthGc of 51.0 meV.

.
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is mainly due to the alloy disorder and the film situation su
as lattice deformation, interface roughness, misfit dislo
tions, etc., in the ternary PbSrSe thin film. Due to the la
dielectric constant and small effective masses~absence of a
heavy-hole band!, the contribution of random-alloy disorde
@from Eq.~9! in Sec. III# to the linewidth at low temperatur
is only 1.8 meV in Pb0.934Sr0.066Se~much smaller thanG i of
12.8 meV!. This is in contrast to the case of III–V materi
where the random-alloy disorder dominates the inhomo
neous linewidth.11 Considering the experimental facts of
relatively broad XRD peak~with the linewidth around 400
arcsec! and small lattice mismatch between the thin films a
substrates, we attribute the inhomogeneous linewidth
PbSrSe is mainly related with the lattice deformation. Ad
tional evidence for the exclusion of the effects of interfa
roughness and misfit dislocations is from the absorption
PL measurements~steep absorption edge and strong lumin
cence even at room temperature!. This conclusion is further
supported by the dependence of linewidth on Sr composi
at low temperature shown below.

We note that the homogeneous broadening parameteGc

reported here is near twice that found in bulk GaAs layer,Gc

~GaAs!530.464.0 meV.20 The large difference of exciton–
LO-phonon coupling between IV–VI and III–V materia
can be well explained by the proposed theoretical appro
of Eq. ~8! in Sec. III, and is mainly due to a large differenc
of the parameters ofe` ,e0 ,me* ,mh* , and\vLO . The above
parameters for Pb0.934Sr0.066Se are relatively insensitive t
the small composition of 0.066, and can be taken for
proximation from these of PbSe except for the effect
masses given by Eq.~11!, and the parameters of bot
Pb0.934Sr0.066Se and GaAs are further approximated as be
temperature independent. By employing the parameter
e`525.0 ~from Ref. 21!, e05227.0 ~from Ref. 22!, me*
'mh* 50.12m0 from Eq. ~11!, \vLO516.8 meV~from Ref.
19! for Pb0.934Sr0.066Se, and e`510.9, e0512.9, me*
50.067m0 , mh* 50.10m0 , \vLO536.8 meV for GaAs~all
from Ref. 23!, we getGc(Pb0.934Sr0.066Se)/Gc(GaAs)52.0,
in good agreement with the experimental results ofGc

;51.062.0 meV in Pb0.934Sr0.066Se andGc;30.464.0 meV
in GaAs.20

The PL linewidth in PbSrSe thin films has also be
studied as a function of Sr composition. The microsco
variation of the alloy composition strongly affects the lin
width of excitons in low temperature photoluminescen
spectra~shown in Fig. 2! where thermal broadening effec
are negligible. The calculated low temperature exciton
broadening due to the alloy disorder from Eq.~9! with the
material parameters in Eqs.~10! and~11!, shown as the dot-
ted curve in Fig. 4, is much smaller than those of the
served ones~filled squares!. The alloy broadening effect it
self cannot explain the full width at half maximum~FWHM!
in the low temperature PL spectra of PbSrSe thin films,
well as the reported Pb0.953Sr0.047Se thin film ~;4.0 meV at
10 K! in Ref. 7. This is quite understandable, since the ex
tons in PbSrSe are localized by the combined effects of
random alloy fluctuations and the lattice vibrations.

The rapid increase in PL linewidth with Sr compositionx
is mainly due to the increase in local lattice distortio
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around Sr atoms. This is clearly evident for the appeara
of the broad luminescence band from self-trapped exciton
the low energy side of the Pb0.724Sr0.276Se PL spectrum~see
Fig. 2! with a large Stokes shift of;170 meV. The increase
in degree of the lattice deformation with compositionx has
also been observed in the XRD measurements, where
XRD peak linewidth increases with the Sr compositionx.
The exciton PL linewidth due to the lattice deformation c
be roughly estimated in relation with the compositionx. The
degree of the crystal lattice deformation in the vicinity of
atoms can be approximately proportional to the product o
and Pb compositionsx(12x), therefore, the contribution to
the exciton PL linewidth is expected to be roughly line
with x(12x), as shown as the dashed curve in Fig. 4 with
scaling factor of 230 meV. The total contribution to the e
citon PL linewidth~solid curve! from both the lattice distor-
tions and the alloy disorder is in good agreement with
experiments, which clearly supports the assignment of
observed luminescence structures. The lattice deformatio
found to have played a key role in the composition dep
dent broadening of PbSrSe thin films at low temperatu
rather than the normally observed alloy disorder effect
III–V 11,24 and II–VI25 semiconductor materials. One po
sible reason for the difference is that the local lattice dist
tion phenomenon happens easily in PbSrSe. This is du
the fact that elements Pb and Sr are from different groups~IV
for Pb and II for Sr! with different outside electrons, rathe
than the elements from the same group in III–V~i.e.,
InxGa12xAs) and II–VI ~i.e., Cd12xZnxTe) materials.

V. CONCLUSIONS

In summary, we have carried out x-ray diffraction an
temperature-dependent photoluminescence measuremen
MBE grown PbSrSe thin films for the study of excitonic lin
broadening effects. The lattice constant, excitonic ene
gap, and effective mass as a function of the alloy compo
tion were determined. A theoretical approach has been
sented, which can well explain the observed large excito

FIG. 4. Low temperature exciton PL linewidth in PbSrSe thin films as
function of Sr composition. Calculated results: dotted curve from alloy d
order contribution, dashed curve from lattice deformation contribution,
solid curve from the total contribution. Experimental results: filled squar
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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LO-phonon coupling strength~;51.0 meV! from the
temperature-dependent exciton–LO-phonon coupling mo
in PbSrSe thin films. However, we find that the lattice def
mation in PbSrSe thin films may have played a key role
the composition dependent broadening at low temperat
rather than the normally observed alloy disorder effect
III–V and II–VI semiconductor materials. In addition, the
is also controversy20 on the exciton–LO-phonon couplin
difference between the QW structures and their correspo
ing thin film materials recently. It is also of interest in stud
ing the coupling in PbSe/PbSrSe MQW structures. Be
understanding the coupling behavior is helpful for the ap
cation of semiconductor as well as its QW devices.
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14H. Fröhlich, Adv. Phys.3, 325 ~1954!.
15A. V. Tulub, Zh. Eksp. Teor. Fiz.36, 1859~1959!.
16C. D. Lee, H. L. Park, C. H. Chung, and S. K. Chang, Phys. Rev. B45,

4491 ~1992!.
17T. R. Globus, B. L. Gelmont, K. I. Gelman, V. A. Kondrashov, and A.

Matveyenko, Sov. Phys. JETP53, 5 ~1981!.
18J. I. Pankove,Optical Process in Semiconductors~Dover, New York,

1975!.
19R. Dalven, Solid State Phys.28, 179 ~1973!.
20A. V. Gopal, R. Kumar, A. S. Vengurlekar, A. Bosacchi, S. Franchi, and

N. Pfeiffer, J. Appl. Phys.87, 1858~2000!.
21K. H. Herrmann, Proc. SPIE3182, 195 ~1997!.
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