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Band gaps, effective masses and refractive indices of PbSrSe thin films:
Key properties for mid-infrared optoelectronic device applications
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Key properties of PbSrSe thin films grown by molecular beam epitaxy have been studied for
mid-infrared optoelectronic device applications. Detailed knowledge of the material parameters for
the device design is required. The material parameters considered are: temperature-dependent band
gaps, compositionor band gapdependent effective masses, and energy-dependent refractive
indices. The study has been carried out by a combination of temperature-dependent
photoluminescence and absorption measurements with the theoretical models on PbSrSe thin films
of Sr compositions of as high as 0.276. The derived empirical equations for band gaps, effective
masses, and refractive indices have been employed successfully in Pha8RBhssSe multiple
quantum well mid-infrared laser systems, for studying the band offsets and subband behavior. We
have shown that the derived material parameters clearly promise of being applied to other PbSrSe
thin films and PbSe/PbSrSe heterostructure systems for their optoelectronic applicatior@02©
American Institute of Physics[DOI: 10.1063/1.1421634

I. INTRODUCTION The motivation of the present study for PbSrSe and their
) _ microstructures has been provided by the fact that the funda-

Recently, considerable interest has been devoted to thgental properties, including some important parameters,
lead salt IV-VI PbSe-based materials because of their potefaye not been fully investigated. Lambreehial > presented
tial optoelectronic applications. Alloying Sr into PbSezcana number of important material parameters for PbSrSe, e.g.,
significantly increase the band gap energy o{.P)flSrXSe.l " the room temperature band gaps, lattice constants, mobilities,
The W'd%' tuning range of the energy bands within the ternary,ng carrier concentrations. The parameters to be presented
systemt? together with the ease in producing good quality here are: temperature-dependent band gaps, compo&ition
material with excellent homogeneity and small lattice mis-j,5q gap-dependent effective masses, and energy-dependent
match on Baf substrates,and the possibility of epitaxial efractive indices. The measurements employed have been
growth on Si SL_Jbstrate?Shas pro_vided_Pk_JSrSe the basis fortemperature—dependent photoluminesce(ie and absorp-
devices operating over the wide mid-infrared wavelengthyjon measurements for PbSrSe thin films grown by molecular
range, particularly useful for mid-infrared intrinsic detectors,, 5, epitaxy(MBE). The band gap energy, especially its
and lasers. The material has a multi-valley band Str“Ctur?emperature dependence, is known to be one of the most
with band extrema at the-point of the Brillouin zone. The i hrtant device parameters because it is strongly connected
absence of a heavy-hole band reduces the nonradiative Auggfi the operating wavelength of optoelectronic devices. De-
recombination rate, one or two orders of 'masgnltu'de beloWermining the effective mass and the band offset and know-
that of narrow gap IlI-V and 11V materiafs; which is ing the subband characteristics are central for the study of
favorable for the reduction of the high temperature thresholdgmiconductor heterostructures and superlattices as well as
current. Lower density of states and stronger interband Magqjr gptoelectronic applications. Knowledge of the refrac-
trix elements allow the appearance of stimulated emission g} index also forms an important part in the design of het-

relatively low generation rates. Strong continuOUs-wWaVegosirycture lasers, as well as other waveguiding defices.
room temperature stimulated emission luminescence has o the other hand, until now, the optical investigation in

been observéd between 3.0 and 4.0m from PbSe/PbSISe o fiterature has been limited to the narrow band
multiple quantum well(MQW) structures, well above the Pb,_,Sr.Se materials with the largest Sr compositionxof
limit of 2.3 um in type Il quantum cascade laser structures— 127 This article will present experimental results of
using narrow gap IlI-V antimonide semiconductor materials.pgrse thin films with Sr compositions of as high as 0.276.

However, design of optoelectronic devices in such PbSrSgpig enaples us to obtain information on the optical constants
systems has been hampered by a lack of definite knowledgg o much wide spectral range, since the energy gap in-

of many material parameters. creases rapidly with the Sr composition. The resultant ana-
lytical expressions for temperature-dependent band gaps,

dElectronic mail: wenzshen@sina.com composition(or band gapdependent effective masses, and
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energy-dependent refractive indices are used for compariso
with the reported results in the literature, and to study the L Pb. St Se Thin Film
band offsets and the subband behavior in PbSe/PbSrS 09340066

MQW mid-infrared laser systems with Sr composition of ~ [
0.066, by taking into account the strain, carrier confinements =
and the multi-valley band structure. A good agreement with &
the reported experimental results in the literature has beelz
found, which clearly promises that the results obtained here}—
are applicable to other PbSrSe thin films and PbSe/PbSrs %
heterostructure systems for their optoelectronic applicationsE
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II. EXPERIMENTS

L PL B e e 1% 20 280 30 3%0
Three PbSrSe thin films were grown on freshly cleaved (T=10K) * TEMPERATURE (K)

BaF; (111) substrates by MBE techniques in an Intevac GEN 2000 30'00 40'00 50'00 60IOO 7000

[l Modular system. PbSe, Se and Sr were used as sourc .1

materials, and the Sr concentration in PbSrSe films was de WAVENUMBER (Cm )

termined from the beam equivalent press(B&P) ratios of : :

the Sr_and PbSe fluxes during MBE growth. Sr_to_pr%IG. 1. Experimental photoluminesceng@laser excitation intensity of 1.0

flux ratios of 2.9%, 7.4% and 12.0% were employed to groWy/cn?) and absorption spectra of a MBE growngBhSr, oseSe thin film at

the three PbSrSe thin films, which resulted in Sr composi40 K. The solid circles are the theoretical calculation of the absorption edge

tions of 0.066, 0.171, 0.276, respectivéﬁ/.There is about for effective masses from a six-baikép model. Shoyvn_in the inset is the

—1.2% .BEP.caIibration errofwithin the uncgrtainty of the tﬁ{ﬂgi@iﬁgﬁ’gﬁﬁ?ﬁfﬁ;ﬁﬁﬂdn?éfssu?éfﬁg‘ié’? f;f;émg:lmt;“;n:ir?ggﬁofli?-by the

calibratiort) in our MBE system due to the different concen- sjid fine.

tration gradients across the sample holder in different MBE

facilities, based on the calibration of Lambregital® The

thin films had layer thickness of aroungtth. The 40 periods

PbSe/PbSrSe MQW mid-infrared laser systems employed to N ) )

validate our results were also grown by the same MBE faband transitions at high temperat&r&The full width at half

cility on the same Baf(111) substrates. The MQW had the Mmaximum(FWHM) is 12.1 meV at 10 K and 67.4 meV at

well layer thickness of 40-200 A and barrier layer thickness300 K. In the absorption spectrum, a clear absorption edge is

of 400-500 A with the Sr composition of 0.066 in the bar- observed followed by below band gap Fabry-dtenterfer-

riers. Details of the growth techniques and photoluminesence fringes. The absorption edge increases with the tem-

cence(PL) measurements for PbSe/PbSrSe MQW structureperature, as expected, in the whole measured range. The at-

were published elsewhefé.The temperature-dependent PL mospheric CQ absorption structures are also displayed in

and absorption measurements for the PbSrSe thin films wetbe absorption spectrum. The absorption edge energies can

performed on a Nicolet Nexus 870 Fourier transform infrarecbe obtained, as widely employed in the literattft&" from

(FTIR) spectrometer, with liquid nitrogen cooled InSb detec-the intersection of the square of the absorption slope with the

tor, and a 532 nm laser as the excitation source for PL and west measured absorption between the interface fringes.

globar infrared source for absorption. The optical measureShown in the inset of Fig. 1 is the band gap energigg ©Of

ments were made at the resolution of 4¢m the PbSrSe thin film, as derived from both absorption and PL
measurementsvia correction due to the band-to-band PL
IIl. TEMPERATURE-DEPENDENT BAND GAPS transition above 100 K It is found that little Burstein—Moss

Figure 1 shows the PL and absorption spectra at 10 K fopﬁect is observed in the undoped PbSrSe thin film grown by

the Pl 45,51 oseSe thin film. In the PL spectrum, a single PL MBE due to low carrier concentration, in contrast j[o t.he case
peak is observed throughout the temperature range of tH@" Ieadlosalts grown by other methods, such as liquid phase
measurement&l0—300 K. The strong room temperature Iu- epitaxy.” The be-_st flt of. the experimental results for the
minescence observed demonstrates the good quality of tH&b.e3STo.0se>€ thin film givesE,=382.4+0.2542 T(meV).
sample. A systematic stulipf the dependence of the lumi- The obtainedE, expression for room temperature agrees
nescence spectra on the excitation intensity and temperatuféell With reported values® The band gaps are found to be
reveals four distinct features. At low temperature, the spectrdnear with the temperature in all three thin films, the same as
(1) get narrower,(2) shift the peak to low energy3) get in the ternary system of HgCdTé The temperature coeffi-
increasingly asymmetric with the decrease of excitation inCient dE;/dT decreases with the increase of Sr content
tensity, and4) the luminescence intensity increagesusu-  (0.2542, 0.0902, and 0.0712 meV/K for the Sr composition
ally) up to the temperature of 100 K and then decredass x=0.066, 0.171, and 0.276, respectivelyhich is expected
normally expectedwith the increasing temperature. Based from the interpolation between the relevant temperature co-
on these, the single luminescence structure has been attribfficients of the binary PbSe and SrSe compoun@snsid-
uted to localized excitonic line due to the alloy disorder atering the fact that the band gaps in many ternary alloys can
low temperature, and is gradually delocalized as band-tobe approximated in the form of a quadratic function, we get
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FIG. 2. Band gaps vs composition under the temperature of 10 and 300 KrIG. 3. Effective mass parallel to tfj@11] direction vs energy gap&, for
The solid curves, given by E¢l), are the least square fitted results from our ppSrSe thin films. Data obtained by varyifg via composition and tem-

experiments. Previously reported band gap values from Refs. 1, 5, 7 and Jgerature are also included. The solid line, given by By.is the linear fit to
are also included. the results.

.. . - _ _ 87762\/E_g
the empirical equation of Sr composition- and temperature a(E)= \/ﬁ E/Eg— 1f(E)

dependent band gapSy(x,T) for Pb_,SrSe thin films eoh?ce
based on our experimental results 5 5
) g 2 E-Eg
Eq(x,T)=0.150+ 3.60&— 1.314+ (0.430- 3.09% with  H(B)=5ez| 1t gzt Eg 1|3 " BEg
+6.495(2)X1073T (eV) m, ([E+Eg 2 E—Eg” @
(for 0=x=0.276, 0<T<350K) (1) m\ E 5 T7Eg

Figure 2 shows the band gaps as a function of Sr compos[}aS been employed to calculate the absorption edge in
tion (x) at 10 and 300 K along with our experimental resultspb_srse thin fl!ms, shown as solid circles in E|g. 1. The mass
and the results reported by other authors in the literatur@nisotropy ratio for ternary PbSrSe was estimated from the
(Refs. 1, 5, 7 and 13Curves by Eq(1) in Fig. 2 match very binary ones by using a linear mterpolaﬂon scheme. The re-
well with both our experimental results and the reported datgUltant band gap is in good agreement with the above esti-
(including PbS&) by different groups with different growth mation from absorption and PL spectra with an error within

conditions, clearly demonstrating that band gaps of @y. 37°- From this model, we can also extract the effective
are applicable to PbSr3and PbSgthin films. masses for Ph ,Sr,Se thin films. Figure 3 displays the re-
sults for the effective masses parallel to {ié1] direction,

where data obtained by varying band gaps via composition
as well as temperature have also been included. A linear least
IV. EFFECTIVE MASSES IN PbSrSe square fit to the results yields the empirical equation for the

In IV=VI semiconductor materials, the valence band anojongltUOIInaI M
conduction band arénearly symmetrical with similar dis- m;/my=0.3013<E4+0.00407 (for 0.2<E;<1.2eV)
persion ink space, and there is no heavy hole band in the 3
system. These are the main differences between IV-VI angiiy mo as the free electron mass aBg in the unit of eV.

IlI-V materials. Holes in IV-VI materials such as PbSe Thjs expression is in good agreement with the results in Ref.
have effective masses just as small as electrons, as evidenge,r small Sr composition, and for PbSas well. The result
by similar carrier mobilities im-type andp-type materials? has also been used in the following calculation for

The mass anisotropy ik space(the ratio between longitu- PbSe/PRosSh oseSe MQW mid-infrared laser structures.
dinal and transverse directionsy/m, =1.8, for PbSe and ' '

3.0 for SrSé) must be taken into account. As a special prop-

erty of thek-p band models both the effective masses and thé/' REFRACTIVE INDICES

matrix element for the interaction with radiation are given by  The refractive indexn) data of PbSrSe thin films can be
the same momentum matrix elemént by two matrix ele- obtained from FTIR absorption measurements using the re-
ments in the case of anisotropic bandBherefore, the ab- lation n=(2Av»d) ", with Av the spacing between Fabry-
sorption edge can be expressed either in terms of the effe®aot interference fringes and the thickness of the MBE-
tive masses or in terms of the matrix elements. A six-bandyrown PbSrSe thin films. The normal theoretical method for
k-p model® which has the form refractive index is based on the calculation of the imaginary
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part of the dielectric constané,(E), and on using the
Kramers—Kronig relations to obtain the real paytE), us- Pbo 724Sr0 276Se
ing the relatiomn(E)2={[ e,(E)%+ €,(E)?]¥?+ €,(E)}/2. In 60 T=10K
order to compare the experimental data with the theoretical _
results, and to generalize the empirical equationsef¢E) Eg=1.0466eV
and e,(E) in PbSrSe thin films, we have also performed d=1.0870pm
spectroscopic ellipsometrySE) measurements on PbSrSe 4.5+
thin films. The SE technique measures functions of the
Fresnel reflection coefficients, which then must be related to
film parameters, such as film thickness, surface roughness, < 30
dielectric functions, etc, by using parametrized models. The m ' ' ' '
model fitting for the SE measurements o, PhSr; »7¢5r at - T=100K
room temperature reveals that the thin film has an energy gap % 6.0+ Eo=1.0527eV
of 1.0644 eV and thickness of 1.092dn. These results are m g~
in excellent agreement with the band gap from Eqg.and > d=1.0886pm
the designed growth film thickness, respectively. By using =
the thin film thickness and the other three fitting parameters O 45¢
from SE: the transition peak enerdy, of 1.0211 eV, the é
broadening tern€ of 3.0 eV and the amplitude constahbf e
81.36 eV, we found that the experimental refractive indices &ﬂ 3.0 l——r . . .
agree well with the theoretical results, which are based on a
single Lorentz transition model fog,(E) and the Forouhi T=300K
and Bloomet® (F&B)-type Kramers—Kronig integration for 6.0r Eg=1.0644eV
c1(E) d=1.0921pm
AE,CE
e2(E)=2nk= (E2_E2)7+ CPE2 4.5t
2 = e

and €1(E)=¢,(0)+ p PJEQ%(E&de, 4 3.0
where k is the extinction coefficient, th€ stands for the 0.0 0.3 0.6 0.9 1.2
Cauchy principal part of the integral. The detailed results PHOTON ENERGY (eV)

from the SE measurements will be published elsewhere. Fig-
ure 4 shows the theoretical resulolid curve calculated S _
FIG. 4. Temperature-dependent refractive indices ig/EBr7¢S€ thin

with the above values of the four parametggs E,, C and film as a function of bh , .

. . . photon energy. The theoretical ressitdid curveg are
Avia Eq. (4) and €1() of 2.45, and experimental data with calculated with the four parametefg, Ey, C andA via Eq.(4) ande; ()
the thicknesses (solid squaresat room temperaturé300  of 2.45, together with the experimental data as solid squares.
K). The good agreement is evident not only at room tempera-
ture, but also throughout the measured temperatgessFig.
4). The only changes for the 10 and 100 K results shown ifemperature-dependent results of our other two PbSrSe thin
Fig. 4 are the band gaR, [via Eq. (1)] for the theoretical films, with the only change oE, [via Eq. (1)] and e;(+)
calculation, and the thin film thicknesisfor the experimental [via Eq.(5)] in the theoretical calculation and thickneb
data. We have kepEy—E, to be the constant of 1.0644 the experimental data. The obtained thermal expansion coef-
~1.0211=0.0433 eV in the calculation. From the resultantficient of SrSe is (7.30.3)x10"°K™". Further evidence
thin film thickness at different temperaturésso shown in  for the theoretical model for PbSrSe thin films is shown in
Fig. 4), we can also obtain the thermal expansion coefficienFig. 5, where we have combined our experimental refractive
for SrSe of 7. 10 K™, if a linear interpolation scheme indices (solid circles withE;=0.752 eV with the ones re-
has been employed for the thermal expansion coefficient dported in Ref. Hfilled squares wittE,=0.577 and 0.277 eV
PbSrSe from the binary SrSe and PbSe (¥48 5K™Y). for PbSe at room temperature. It should be noted that the
This is the first known observation of the thermal expansiortheoretical model is also in good agreement with the results
coefficient for SrS&.Furthermoreg; (=) is found, from the  (filled triangles in  PbSe/PRgsSthoseSe MQW laser

comparison between experiment and theory, to obey system$at photon energy above the band gap of PbSe due to
the two-dimensional confinement. Thus, we have shown,
€1(»)=2.45 (for E;=0.716€V through the consistency of all the observed experimental re-

sults, an easy way to calculate the refractive index in PbSrSe
by combining Egs(1), (4) and(5) with the fitting parameters

as shown in the inset of Fig. 5 withg in the unit of eV. The (A andC) given here.

above derived thermal expansion coefficient for SrSe and The observed refractive index data in Figs. 4 and 5 show
the theoretical model of Eq(4) are further verified in the expected increase in refractive index values as photon

and 9.8-10.4xEy (for Eg<<0.716eVf (5
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FIG. 6. The calculated temperature rate of the refractive irti@x T as a
PHOTON ENERGY (CV) function of photon energy below the band gap of the PbSrSe thin films.

FIG. 5. Comparison of the theoretical mod&gs. (4) and (5)] results for

refractive index with the experimental refractive indices in PbSrSe thinVV|. APPLICATIONS

films. Solid circles withEy=0.752 eV (our result}, filled squares wittg,

=0.577 and 0.277 eV for PbSe in Ref. 5 at room temperature, and filled ~ Now, we employ(and verify) the above analytical ex-

triangles for PbSe/RRs St ossSe MQW laser systerfisat photon energy  pressions for temperature-dependent band gaps and the com-
gﬁ%‘ﬁn tiﬂihzaiﬁie??sptﬁ; E;nsde g“edéoe:‘cfegwogr)“ens'ona' COImc'”emengosition(or band gapdependent effective masses in a PbSe/
gap dep cavs. PbSrSe MQW mid-infrared laser systémwith Sr
composition of 0.066 to study the band offsets and the sub-
band behavior, by taking into account the strain, carrier con-
energy increases to approach the band gap energy, and thigBmements and the multivalley band structure. The strain of
decreases rapidly with further increase of the photon energyhe MQW structures is determined as the relative difference
The rapid change in refractive index near the band gap pran lattice constants between the PbSe wals=6.127 A)
vides a large refractive index step between the active andnd PQ_,Sr,Se (appsse=6.137 A forx=0.066 barrier lay-
cladding regions, suitable for laser design. It is also found, asrs. The latter is approximated aSppgs& appsdl
expected, that smaller band gap PbSrSe thin films have larger0.025) (A).! In MQW cases, the PbSe wells will be ex-
refractive indices. The importance of the refractive index orpected to suffer a tensile strain of 1650 3, while the
the operation of an injection laser is its role in the confine-Pb; _,Sr,Se barriers can be regarded as unstrafiéthr the
ment of the emitted radiation to the intermediate vicinity of (111) growth direction, the strain-induced changes in the
the active regiofi.If the refractive index in the active region PbSe band structure f¢t11) transverse valley can be calcu-
of an injection laser is smaller than that of the cladding layelated to be 5.9 meV from the measured elastic constants and
on both sides, the effect is like that of an anti-waveguidefrom calculated values of the deformation potentials of
configuration which does not confine radiation to the neigh-PbSe'® The value is in fair agreement with the experimental
borhood of the active region. This effect causes an opticatelationship between change in stréh21% and change in
loss in the waveguide, leading to an increase of the thresholdand gap6.2 meVj in PbSe!! The strain is approximated as
current. Another important factor for the refractive index being temperature independent due to the small fraction of Sr
study is the rate of refractive index change with temperaturegomposition in the barriers, and the substrate-induced strain
dn/dT, from the temperature stability point of view of the will not be considered in MQW since there are one 100-nm-
optoelectronic devices. Figure 6 shows the calculated ratthick BaF, and one very thicK~3 um) PbSrSe buffer lay-
dn/dT [also via Eqs(1), (4) and(5)] as a function of photon ers. The good agreement between theory and experiment
energy below the band gap of the PbSrSe thin films. Theshown below reveals that the lattice mismatch is entirely
absolute value of the ratedn/dT is small (<1.0 accommodated by strain in well layers without any relief by
x10"#K™1) at smaller photon energies and increases rapmisfit dislocations present at the heterointerfaces. This also
idly (in absolute value ofin/dT) as the photon energies accounts for the strong room temperature luminescence in
approach the band gap. The temperature rate of refractiie MQW structures investigated.
index near band gap is close to the value of81® 4K ™! In addition to the strain-induced renormalization of the
in PbSe* From the above discussion, it is clear that the re-energy bands, we should also take into account the electron
fractive indices must be taken into account carefully in de-and hole confinements for MQW structures, which are
signing the PbSe/PbSrSe MQW laser structures, and oureated with standard procedures based on an application of
model provides the possibility of designing the laser structhe Kronig—Penny model with a parameter of conduction
tures with large index step and weak temperaturedatel T band offset ratidQ.. Two sets of confinement energy levels,
at emitted wavelength. one associated with th@11) transverse valley and the other
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FIG. 7. Theoretical calculation of the luminescence peak energig3 for FIG. 8. Temperature coefficient of the luminescence peak energies

the (111 valley (solid curve and (111) valleys (dotted curvg from  (dEp /dT) from PbSe/PhosShesSe MQW structures as a function of

PbSe/PRg3sSth ose5€ MQW structures witlQ.=0.82 as a function of well  well thickness. Solid curve: theoretical calculation results vith=0.82,
thickness at 298 K. The solid circles are the experimental luminescence pealglid circles: experimental results.

energies. The appearance of th_aI.J. valleys for the 200 A well structure is
due to the fact that the lowest hole subband lies above the quasi-Fermi level
there.

ing in being slightlyp type with a carrier concentration of
o ~1x10"cm 3.2 The quasi-Fermi energy is estimated to be
with the three (11) oblique valleys, are obtained. These two Ex=#2(37?p)?¥2m,=13.6 meV(referenced to the valence
set energy levels are close to each other for a given quantutiand edgewith hole effective mass of 0.0&,. Therefore,
number due to the small ellipsoidal mass anisotropy of PbSg,o |owest hole subbanpz(l}]“)zllA meV] of the (T_‘Ll)

and PbSrSe. The strong luminescence, observed even abQyieys for the 200 A well structure lies above the quasi-
room temperature, is consistent with both electrons and hole|§

being confined in the PbSe wells, and supports the type perm Igvel_, and transitions between](]_]) valleys also make
. . .~ a contribution to the luminescence sigriabt the case for
band alignment for this heterostructure. In the calculation

we have employed the effective masses and band gaps f’g}e other three samplesThe energy_d|ﬁerence7.7 me\ of

PbSe wells and PbSrSe barriers from Eds.and (3). The the subband energies between tha [}l valleys and(.lll)

best fit was found to be with the conduction band offset ratio’2//€y accounts reasonably well for the energy difference

Q.=0.82+0.03. Figure 7 displays the calculated Iumines-(”6'3 me\b_between the theoretical and experimental results

cence energies at 298 [Kolid curve for the111) valley and ~ SNOWN in Fig. 7(see the dotted curye _

dotted curve for(_ll) valleys withQ,=0.82] as a function The band structures obtained above can explain not only
of well thickness for the PbSe/B’@zéro 06‘3686 MQW struc- the observed luminescence peaks in PbSe/PbSrSe MQW

tures, together with the experimental restii§ well thick- structures, but also the observed temperature coefficient of

ness of 40, 100, 120, and 200 A shown by the solid circlest® luminescence peakdip, /dT). The calculated lumines-
ence peak energiém meV) are found to be linear with the

The measured transition energies for 40, 100, and 120 A We[f . .

. . . . lemperature, as already experimentally demonstrafeid-
structures are in good agreement with the calculation, Wh'd?Jre 8 shows the theoretical calculation resultsiBb, /dT as
confirms the type | configuration in PbSe/PbSrSe MQW L

o a function of well thickness, together with the experimental
structures(favorable for laser applicationsFor a 100 A L !
resulté for the four MQW samplesgsolid circles. It is clear
PbSe well, the calculated lowest electron and hole energ at the rapid decrease of the temperature coefficient
levels of carriers in thg111) valley lie atE{:"Y=31.0meV P P

. Ep /dT at narrow well MQW structures is mainly due to
(111)_ PL .
and Ej;,™=18.4 meV above and below the respective ban he strong dependence of the subband levels on well width,

edges of bulk PbSe and ﬁilell):40-1 meV andEf™  as a result of small temperature coefficient of the band gaps
=20.6 meV for carriers in the (11) valleys. The combined (dE,/dT) of the PR o351 0se5€ barriers. The information
energies of the lowest electron and hole levels lying at aboufor the band structures of the PbSe/PbSrSe MQW can be
49.4 meV in the(111) valley above the band gap of bulk used to design the double heterostructure lasers. Figure 9
PbSe are in good agreement with the observed luminescensbows the calculated luminescence peak energies as a func-
peak in MQW, after taking into account the strain effect.  tion of temperature and well thicknelgsr 20 nm well struc-
However, the calculated peak energies in(tid) valley  ture we have used the results fori() valleyd. The laser
for 200 A PbSe well sample are always lower than that of thevavelength can be tuned by both the well thickness and the
experimental result, no matter what t is. In this case, operating temperature. For example, a laser with 12 nm well
the energy levels in the (1) valleys may also have contrib- structure is expected to have a tuning range from 5.17 to 3.79
uted to the luminescence structure. The MBE samples wergm with temperature from 77 to 300 K, and have a tuning
undoped but grown under excess Se flux atmosphere, resuteinge from 3.77 to 5.4gm at 77 K with well thickness from
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6.5 retical models has been carried out on PbSrSe thin films for
6.0 PbSe/PbSrSe MQW temperature—dependent band gaps, compositimn band
gap-dependent effective masses, and energy-dependent re-

55F fractive indices. The derived empirical equations for band
—~ 50l gaps, effective masses and refractive indices are in good
i Rl agreement with the reported results in the literature and have
< 45¢ been employed successfully by studying the band offsets and
= r the subband behavior in PbSe{BhSI 0se3€ MQW mid-

I infrared laser systems. It is found that the thermal expansion
3.5F  4om coefficient of SrSe is (780.3)x10 °K™!, and the
I PbSe/PRg3St s MQW structures are with type | band

3‘0_' alignment and the conduction band offset ra@@=0.82

2.5 b——ea—r—————v +0.03. The good agreement with the reported experimental
0 50 100 150 200 250 300 350 results in the literature clearly demonstrates that the results

TEMPERATURE (K) obtained here are applicable to other PbSrSe thin films and
PbSe/PbSrSe heterostructure systems for their optoelectronic
FIG. 9. Calculated luminescence peak enerdiEs, in um, with Q. applications.

=0.82 from PbSe/Pkg3.S1 0se5€ MQW structures as a function of tem-
perature under different well thickness. For 20 nm well structure we haven CKNOWLEDGMENTS
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