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Experimental determination of deformation potentials
and band nonparabolicity parameters for PbSe
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Parabolic IV-VI multiple-quantum well structures were grown on §aE1) substrates by molecular beam
epitaxy and characterized by differential Fourier transform infrared transmission spectroscopy. To reduce
unwanted Fabry—Perot interference fringes, the top surface of the parabolic MQW samples was coated with an
antireflection film enabling unambiguous observation of subband transitions without superimposed interference
fringes. Up to six principle quantized electron and hole transitions were observed. In contrast to IlI-V quantum
well systems, the “forbidden”An=2 quantum transitions are not observed in the IV-VI parabolic wells.
Compared with the strain effect, the quantum size effect dominates the splitting of the degeneracy of the
normal and oblique valleys at the L-point in the Brillouin zone. Intervalley splitting energies and the spacings
of the principle energy levels in the parabolic wells allowed determination of the deformation potential con-
stants for PbSe)=6.1 eV andD ,= — 1.3 eV. From the fitting to the high-quantized energy levels observed
in the differential transmission spectra, the nonparabolicity parameters for conduction and valence bands of
PbSe are determined to be .90 %% cn?.
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. INTRODUCTION low as 10.5 kW/cri* The more than sixfold reduction in
lasing threshold is likely due in part to the fourfold reduction
Direct interband transitions in IV—VI materials occur at in the density of the lowest excited states.

the four equivalent L-points in the Brillouin zone. When  Compared to more studied Ill-V or 1I-VI semiconductor

IV=VI multiple quantum well(MQW) structures are grown QWS, however, knowledge of the physical properties of

on (111)-oriented substrates one L-valley lies along [th&l] IV-VI semiconductors is still incompl_ete. For ingtance, reli-

growth direction, or is normal to th@11) plane in reciprocal @ble experimental data for deformation potential constants

space, and the other three are at oblique angles. Two diffefg_r PbS_e are still not available, and t_hus strain effects on low

ent effective masses thus exist for potential variation alondimensional structures and devices cannot be fully

At ; omal evaluated®® Due to the fragility of IV-VI materials, it is
the [111] direction, one for the single normal Va”"%ilque difficult to apply directly uniaxial stress in the crystals. Fur-

=m, and one for the three oblique vaIIey@m_ ther, presence of nonparabolicity of the multiple valleys in
=9mm(8m;+m), wherem, andm, are the longitudinal = (he narrow gap IV—VI materials complicates optical investi-
and transverse effective masses, respectively, associated Wﬁations, particularly in the mid-infrared range. In narrow
the prolate ellipsoids of revolution that define the constanpgng gap semiconductors the band nonparabolicity effects on
energy surfaces for electrons and hdi€r I[V-VI quantum  gptical transitions in QW cannot be neglected, particularly
wells (QWs) grown on(111)-oriented substrates the quantum for higher quantized energy levels. Kreanhal.” investigated
size effect will thus remove L-valley degeneracy in whichthe influence of nonparabolic-energy-band dispersion on the
the N-valley[normal to the(111) plane ink spacéis at a  optical constants close to the fundamental absorption in PbSe
lower energy than the threefold degenerate O-vall®ts  and PbMnSe. However, up to now very little work studying
lique to the(111) plane ink spacé. Unambiguous observa- the nonparabolicity effect in IV=VI QW materials has been
tion of subband transitions and degeneracy removal of noreported, partly due to the difficulty in observing high-
mal and oblique L-valleys in IV-VI square QWs grown on quantized energy level optical transitions because of Fabry—
(112)-oriented Bak substrates was recently reporfed. Perot interference fringes in epitaxially-grown samples. The
L-valley degeneracy removal, in which one valley is lower in nonparabolicity parameters for the conduction and valence
energy than the other three, is a feature that is beneficial fdvands,y, and y, , of IV-=VI semiconductors have not been
laser applications of these IV—VI materials. The approximatedetermined experimentally. In this work, a number of IV-VI
fourfold reduction in the density of the lowest excited statesPbSe/PbSrSeparabolic MQW samples have been grown as
reduces the excitation threshold for population inversion. Repart of an effort to investigate these effects. To reduce un-
sults from testing of recently fabricated vertical cavity wanted Fabry—Perot interference fringes, the top surface of
surface-emitting laser®/CSEL9 made from IV-VI materi- each parabolic MQW sample was coated with an antireflec-
als on(111) BaF, provide evidence for this threshold reduc- tion film, enabling unambiguous observation of subband
tion. VCSELSs without QWs in the active region had a mini- transitions without superimposed interference fringes. Re-
mum optical pumping threshold of 69 kW/émh while  sults enable the study of quantum size, strain, and band non-
similarly fabricated VCSELs with QWs had thresholds asparabolicity effects in the PbSe/PbSrSe parabolic QWs.
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FIG. 1. Schematic band diagram for the parabolic PbSe/PbSrSe -2

multiple quantum well structures grown by MBE. Strontium con- 110K

tent, x, in the Ph_,Sr,Se ternary alloy varied from 0 to 14%, and a-1° @20 .
each sample had between 8 and 10 quantum wells. 77K (-7 @2" @ay GBI

Il. EXPERIMENT 150 200 250 300 350
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PbSe/PbSrSe parabolic MQWs were grown on freshly
cleaved Bahk(111) substrates at 400°C in a solid source FIG. 2. FTIR differential transmission spectra for a paraboli-
MBE system. Before the growth of the PbSe/PbSrSe MQWeally graded PbSe/PbSrSe MQW sample with well widths of 600 A
structures, a thin 500 A PbSrSe buffer layer was depositedind PbSrSe barrier widths of 300 A measured at different tempera-
To achieve an effective parabolic Sr compositional gradientures. Two longitudinal valley subband transitions, (1%1)
inside each well, the wells were grown digitally using the (2—2)", and three oblique valley subband transitions, (1%1)
recipe described in Ref. 8. Well widths varied from 400 A to (2-2)°, and (33§ are unambiguously revealed.
1000 A and barrier thicknesses were held constant at 300 A. _ _
Each well contained 21 layers of PbSe and 20 layers ofPectra become peaks in the difference spectra. Temperature
Pb,_,Sr,Se. The relative thicknesses of the, PiSr,Se lay- difference spectra are in essence energy derivative spectra.
ers increased quadratically with distance from the well cenThe temperatures of the two transmission spectra were cho-
ters while that of the PbSe well layers decreased. A 5.49§€n so that the shift of the PbSe band gap was 1 ifiius
Sr-to-PbSe flux ratio was used for the growth of P{Sr,Se ~ an energy resolution of .1 meV_|s malntalneq in '[hIS'pI’OOESS.
layers. Earlier work found that the alloy composition shouldAn advantage of the differential spectrum is that it greatly
be ~2.6 times highefi.e., x~14%).° This produces poten- reduc_es th_e residual Fabry—rBefnnge interference since
tial barrier heights of~200 meV at room temperature for the dielectric constants of the materlals are very weakly de-
both conduction and valence band wells assuming equdi€ndent on temperature. The direct gap in thg 581, .Se
band edge discontinuities. Fourier transform infrafe@lIR) barrier alloy observed_ln the transmission spectra is useq asa
measurements showed that the absorption band gap for tm)@rameter_for calculafuons of gquantized elect_ror_uc transitions.
Phy ST 1.5€ ternary alloy is 0.605 eV at 77 K, giving a More details of t_he dlﬁerentlal FTIR transmission measure-
band gap difference between J#Sr,..Se and PbSe of Ments are described in Ref. 2.
0.425 eV. The average PbSrSe layer thickness in the
parabolically graded wells is about 10 A, thin enough to [ll. RESULTS AND DISCUSSION
allow electron and hole tunneling, which effectively averages
the potential variation to parabolic profiles. High-resolution
x-ray diffraction (HRXRD) measurements of the MBE- Figure 2 shows temperature dependent differential trans-
grown MQW structures showed numerous satellite peaksnission spectra for a ten-period MQW sample with parabolic
Satellite peak spacings were used to calculate QW thickwell widths of 600 A and PbSrSe barrier widths of 300 A.
nesses, and measured values agreed with growth design valhese differential spectra exhibit peaks associated with tran-
ues within 3%. A schematic band diagram for the parabolicsitions from different conduction and valence band valleys.
PbSe/PbSrSe MQW structures is shown in Fig. 1. The num¥hese peaks are purely excitonic at low temperatures and
ber of QWs varied from 8 to 10, and typical total layer thick- band-to-band at higher temperatutésthe difference be-
nesses varied from 0.,8m to 1.0 um. tween the excitonic and band gap energies can be neglected

A BioRad (FTS-6Q FTIR spectrometer was used to mea- because of the very small exciton binding energaebydro-
sure transmission as a function of photon energy over a 70§enic model gives a value of about 0.007 mé&vthese high
cm 1 to 6000 cm* spectral range. Sample temperature wadielectric constant IV—VI materials. As electrofed holes
varied from 77 to 300 K. Unwanted Fabry—Perot interfer-in the N-valley of PbSe have a larger effective mass than
ence fringes were suppressed by coating the top surface efectrongand holesin the O-valleys, see Table I, the lowest
the MQW samples with a NiCr anti-interference fitthDif- energy peak at 211 meV shown in the 77 K spectrum is due
ferential spectra were obtained by taking the difference beto the first N-valley subband transition, (1- )while the
tween a transmission spectrum at one temperature and timext peak at 217 meV is due to the threefold degenerate
spectrum at a slightly lower temperature. This takes advan©-valley subband transitions, (1-Q)In the case of square
tage of the temperature dependence of the PbSe band gapg@antum wells similar transitions were also obser¥dthe
that step edges associated with transitions in the transmissi@mergy spacing between sequential N-valley transitions is

A. Quantum size effect
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TABLE I. PbSe band structure parameters used in the calculations of quantized states of electrons and
holes in parabolic PbSe/PbSrSe MQW structures. All values are for PbSe at 7 7ni énthe mass of a free

electron.
Band structure parameters for PbSe at 77 K
Eg mI,e mt,e ml,h ml,h my meo mt’:l mﬁ)
meV Mg Mg mg mg mg mg mg my
180 0.0788 0.0475 0.0764 0.0386 0.0788 0.0475 0.0764 0.0408

smaller than that between sequential O-valley ones. Assigrthe observed transition energies shown in Fig. 2 gives dis-
ments of the various subband transitions are indicated in Figcrepancies for both N- and O-valleys as large as 10 meV. The
2, and the superscripts indicate whether the electron and hotsalculated N-valley transition energy (1-M)s at 201.5
states involved are derived from N- or O-valleys. As seen inmeV, while the observed one is at 210.7 meV, i.e., the mea-
Fig. 2 the differential spectra are dominated by oblique valsured transition energy is 9.2 meV higher than the calculated
ley transitions because oblique valleys are threefold degersne. For O-valley (1-19 transitions, the calculated value is
erate and have larger transition matrix elements. A compariong o meV, while the observed result is 217.6 meV, 8.6 meV
son of the integrated intensities for the ,(1_N]a)”d_(1_1? higher than theory predicts. The comparison of other samples
ng\l/lv(:e;e?ﬁecése :[[\r/]veo (tjrlgliﬁir:)cnes in the joint density of stategqngjdered here showed similar discrepancies. A reason for
e : the disagreements includes band gap enlargement due to the
Identification of the other allowed (2-2) (2-2)°, and strain effect involved in the well layers. This issue will be

(3—3)° transitions marked in Fig. 2 is assisted by Consider-discusseol in the next section

ing fact that for an ideal parabolic well the quantum state Figure 3 shows differential transmission spectra at 77 K

levels should have equal spacings. These attributions are al?gr four parabolic MOW samples with well widths of 400 A

consistent with the integrated intensities of the differential _ g
peaks: peak areas for O-valley transitions are about thre220 A, 800 A, and 1000 A. The optical transitions related to

times those for N-valley transitions. The spacings betweef@ny high-quantized energy levels are observed in the wide-
(2-2) and (1—1) transitions are 42 meV for the N-valley well samples. I.n the sample vv'|t.h parabolic well widths of
and 60 meV for the O-valley. However, as seen from Fig. 21000 A up to six, (667, transitions are observed. As the
these spacings decrease when the quantized energy levd(ll width decreases, both the splitting between thei "
increase. In contrast to I1I-V semiconductors, all subbandnd the {—i)° transitions and the energy spacings of sequen-
transitions shift to higher energies as temperature increasél quantum transitions increase. Again, in all three samples
due to the fact that PbSe has a positive temperature coeffihe O-valley transitionsi(-i)® dominate the spectra because
cient (dE,/dT>0). Peak broadening at elevated temperaOf the three fold degeneracy of the oblique valleys. In lI-V

tures is due to increasing electron—phonon scattering. ~ Parabolic wells both “allowed’An=0 (wheren is the sub-
For parabolic potential functions the energy levels for al-band index ang “forbidden” An=2 absorptions transitions
lowed electron(or hole states depend on well widthg,y, &€ observed!® However, in the case of IV=VI quantum
. 1\ A 2Q.AE . :
EI”':Z( "5 e N @ 7K e AP
Qw Mg N 22 @2)°
where n=1,2,3,..m5 is the electron(or hole effective
; . 40 nm (1-1)°

mass, andAE, is the total energy gap difference from the 20 (3.3 o

g Ay o @20 G e 4y
bottom of the wells to the top of the wells, 425 meV at 77 K -2 ¢ ¥
as measured by FTIR transmissi@y is the fraction ofAE, —  |60nm 1
for the conduction band well. Prior work has shown that 5 (1-1)"\ @2° @3 (33° o, &5)°
conduction and valence band edge discontinuities in IV=VI @' A _J “h
QWs are approximately equt!®so a value ofQ, of 0.5 is 80 nm 14y
used here. At 77 K, the effective masses for electrons anc .
holes in the N- and O-valleys are obtained from Ref. 14, see 22" @2° @Y @4°  E5° 66°
Table I. Subband transition energies in the parabolic MQWs
can be calculated using Eql). If the nonparabolicity of 100 nm

PbSe is not considered, calculation from EL. showed the
energy spacings between sequential N- and O-valley quan
tum transitions for the 600 A parabolic wells to be 43 and 58
meV, respectively. These values are in good agreement with F|G. 3. FTIR differential transmission spectra for four paraboli-
the observed data from Fig. 2, 42 meV for the N-valley andcally graded MQW samples with well widths of 400 A, 600 A, 800
60 meV for the O-valleys. However, comparison of calcu-A, and 1000 A at 77 K. As the well width decreases the splitting
lated ground state transition energies, (1<1¥ N,0), with  between {-i)" and (—i)° increases.

150 200 250 300 350
hv (meV)
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wells, the “forbidden” transitions have not been observed inThe thicknesses of the PbSe and PbSrSe layers are obtained
either parabolic MQWSs or square MQWS. from the digital growth data. In PbSe, which has an fcc crys-
tal structure,e; and ¢, in the (111) orientation have the
B. Strain effect relation,

From the above discussion, it is seen that the discrepancy Ciit 2C 11— 2C
between the calculated and measured peak positions for g =—2-2 2.
(1-1) is as large as 10 meV, though the energy spacings C1112C 15+ 4Cy4
between sequential N- and O-valley quantum transitions arene change of the band gap due to tensile stfdior the
in reasonable agreement. The reason of the absolute energplva"ey of PbSe is
level discrepancies is due to the following factors. First,

(©)

strain effects due to lattice and thermal expansion mis- 6C
matches between different materials in the PbSe/PbSrSe sys- 5Eg= 2( M Dy
tem can enlarge the band gap of the PbSe well layer and shift C11+2C514Cy,
the ground states of both the normal and oblique valleys to C111+2C1,—2Cyy
higher energies. However, the band gap enlargement due to ~C.12Cc.54C u)s”, 4
strain in the stressed parabolic well layers has a small effect, 1 12 44
<1 meV, on the energy difference between sequential quangng for the O-valleys is
tized energy levels. Band nonparabolicity of PbSe will also
contribute to change in quantized energy levels, particularly 6Cus
on higher quantum numbers, but not on ground state transi- 6E§=2 Ci2C.74C Dyg
tions, (1-1) (i=N,0). The following discussion will focus 1 12 44
on how strain can affect observed transitions. 1 Cy;+2C1p+6Cyy
Strain effects on the optical transitions in the parabolic + 3 Cy1+2C1,+4Cy, ”)8"' 5

MQWs can be understood by calculating the strain induced

by the lattice mismatch as well as the thermally inducedyhere Dy=D$—DY and D,=D{—DY, are the differences
strain due to the differences between the thermal expansiojetween conduction and valence band deformation poten-
co_efficients of the substrate and the epilayer_s. The Iatticga|s; e, is the in-plane strainC,;, Cy,, andCy, are elastic
mismatch between PbSe and the Bakibstrate is 1.2% at constants that are quoted from Ref. 17. Equatighsnd (5)
room temperature. Since the epilayers are um thick and  show that the first term contributes to elevation of both of the
the critical layer thickness is:100 A, it can be expected that N and O-valleys by the same amount, while the second term
PbSe/PbSrSe epilayers are fully relaxed and they stand freejpntriputes to the splitting of the two different valleys.

on the Bak sgbstraté.A linear interpolation between PbSe The observed differential spectra, Figs. 2 and 3, can yield
and SrSe lattice paramete(8.126 A and 6.243 A, respec- \5)yes forSEy and SE . The energy levels of electrons in a
tively) gives a lattice constant of 6.144 A for the parabolic potential well are equally spaced according to Eq.
Phy geSto.145€ barrier layers, which has a 0.29% lattice mis-(1) This spacingAE,, which is denoted with the subscript
match with the PbSe wells. This produces tensile strain iryo» gince it corresponds to the same energy spacing be-

PbSe and compressive strain in PbSrSe. Such tensile straind§een eigenvalues for a harmonic oscillator, is expressed by
expected to increase the band gap and possibly induce adge following equation:

tional splitting of the degeneracy of the normal and oblique

valleys® The difference of thermal expansion coefficients be- 1 7 2Q.AE

tween PbSe and Baks small, therefore, the strain due to AEuo=5[Ez-2~Eq-1]= 77— |[———9 ()
thermal expansion mismatch between the substrate and epil- 2 Low m

ayers can be neglected. Thermal expansion data for PbSr . . .
e energy level spacing can be experimentally determined

y taking one-half of the difference between the first and
gcond transition energies. This implies symmetric conduc-

are not available, but the concentration of Sr in the PbSrS
layers is low, so it is reasonable to neglect the difference o

thermal expansion coefficients between the PbSe and PbSr§ T
Ion and valence band curvatures, which is a reasonable as-

materials used in the structures. sumption based upon similar electron and hole effective
Strain in the parabolically graded quantum wells will vary P pon o .
masses, see Table |. Figure 4 shows the energies involved in

with Sr content. Because the maximum lattice mismatch befh's analvsis. Since the first bound states are above the bot-
tween PbSe and PbSrSe is smatl).3%, the full tensile : ysIS. S : u v

: . f the conduction band and below the top of the valence
strain throughout the well layers is assumed. In the case th 0 1 .
epilayers freely standing on a substrate, the in-plane strai and byz AEy,0, the band gap energy of PbSe in the MQW

has the form structure can be rr_u_aasured by takiqg the energy level of the
' ground state transition and subtracting the energy level spac-
(a,—a;)d, ing, AEyyo, as determined from the differential transmission
s“:m. (2 spectra. Further subtraction of the bulk band gap energy will
nH yield the change in band gapEy or SE7, due to tensile
Herea;, a, andd;, d, are the lattice constants and layer strain in the PbSe layer caused by the larger lattice parameter
thicknesses for the two component materials, respectivel\Phy g5 1.5€ barrier alloy in the MQW structure,
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and holes in the parabolic potential wells of a compositionally-
graded Pb_,Sr,Se quantum well. Peaks in the measured differen-
tial absorption spectra correspond to interband transitions as indi-
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FIG. 5. The observed subband transition energies versus well

cated by theE;_q) andE,-») energies. width of parabolic PbSe/PbSrSe MQWs at 77 K. The dashed lines
N are the calculated energies for N-valley transitioms,i [N, and the
OBy =E(1-1)N—AEpon—Eg4(bulk), (7)  solid lines are for O-valley transitionsj+i)°, obtained with the
deformation potential constant®,=6.1eV, D,=—1.3eV and
6Eg= E(1-1)0— AEj00— E4(bulk). (8)  nonparabolicity parameterg, ,=1.9x 10 *° cn.

Up to now reliable deformation potential values for PbSe
have not been available. Using the elastic constants at 77
quoted in Ref.’®, measuredSE} and SEJ values from the
spectra for the four different samples shown in Fig. 3, an
the strain obtained from E@R), it is possible to calculate the
deformation potentials of PbSe. From E@) and the thick-
nesses of PbSe and 51, 1.5€, the strain for the sample
with well width of 400 A is 0.19%, and for the sample with
well width 1000 A is 0.14%. Only the differences between
the two peak position pairs, (2-%and (1-1) or (2-2)° _ _ _
and (1-1% in each spectrum were used in this determina- .The measured energies for (_jn‘ferent guantized state tran-
tion of the deformation potential constants. These transitio$itions are plotted in Fig. 5. It is seen that for all quantum
energies were used because the ground state and first excit¢/g!l thicknesses as optical transition energies increase the
state energies are the least affected by band nonparaboliciB€rgy spacing between the higher quantized states becomes
effects. The following deformation potential constants areSmaller. The reduced energy spacing between the more ex-
thus obtainedD4=6.1 eV andD,= —1.3 eV, see Table II. cited states_ is prqportlonal to quantum s;ate number. The
These two constants are in reasonable agreement with valuggserved diminishing of the energy spacing for the more

obtained from augmented plane wa¥PW) calculations® excited electron and hole states is due to band nonparabolic-
Dy=6.48 eV andD,= —2.11 eV. ity effects in the quantum well. For narrow gap semiconduc-

The differential spectra of the parabolic quantum welltors, such as IV-VI mate_rials, band nonparabolit_:ity effects
structures also provide a valuable way to distinguish the sugs@nnot be neglected, particularly for higher quantized levels.
band transition changes due to the quantum size effect frodft I!I-V materials, band nonparabolicity effects have been
changes due to lattice deformation. Another interesting resuftonsidered by introducing an energy-dependent effective

observed in Fig. 3 is that the spliting of the degeneracy offassmy,(E,) =mj, (1+2E,/Eg), wheremy, is the effective
the two Va”eyS, (1_]5 and (1_15) is main|y due to the Mass at the bottom of the conduction band EGUS the band

gap of the well layers. However, in IV=VI materials, this
TABLE II. Experimentally derived deformation potentials and approach is not viable due to the smaj.

Ruantum size effect rather than the strain effect. This is be-
cause the contribution from the second terms in Edjsand

5) is small. For the sample with parabolic well widths larger
han 1000 A almost no splitting between (1-Y1jnd
(1-1)° is observed, though the strain in the wells is not
significantly different from thinner well samples.

C. Band nonparabolicity effect

nonparabolicity coefficients for PbSe at 77 K. According to Kane’s model, the conduction and valence
band energies can be expressed ug’tdn terms of nonpa-
Experimentally derived parameters for PbSe rabolicity parametery, and vy, , respectively, as
Dg D, Ye Yv
eV eV cnt cn? 7212
6.1 -1.3 1.9x10° 15 1.9x10°1° E.= o (1—v.k?), (9)
C
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According to the definition of energy-dependent effective
mass,m} (E,) =#2kdk/JE,(k), and using(9) and (10) we
obtain the energy dependent effective masses of the wel
layers,

Nonparabolic

1
My (Ez) =mj, —, (1D
8my, v.E,
I-—7—
f
* * 1
my,(E,) =m, = . (12
8my, v, E,
1-——
fi

-750

To the authors’ knowledge, the nonparabolicity constants
andy, for PbSe have not been experimentally determined. It ) )
is known that the band structure for PbSe at the L-point is /G- 8- Energy vs momenturt,,, vs k) relationship for elec-

symmetric for both conduction and valence bands,ygo trons and holes in PbSe. The nonparabolic relation&ofid line)

_ . . S ‘was obtained using Ed5) and the experimentally determined
=1v,, Which allows us to use the interband transition ener nd 7, values. A parabolicE vs k relationship (dashed ling is

gies to determine the nonparabolicity parameters. Substitu@—hoWn for reference
ing the energy dependent mass ifitpand usingy. andy, , '

as parameters to fit the experimental dafaown in Fig. 5, . . .

the subband transitions for both normal and oblique valley Is. H'gh'order quantized electron ar_1d hole transitions up to
were obtained. The results are plotted as lines in Fig. 5. It i 6-6)" were (?‘bser_ved. I,,n cgntrast with [11—-v quantum well
seen that the calculated values are in reasonably good agresé/—ftegns' thg . fc:;]bu?\d/eqllAn—Zb qlgantulzn t1[ﬁn5|tlon§[ were
ment with the optical transition energies measured by dif“fer-n?f Ot (sjerye Ln tﬁ _|'tt'paraf ?hlc \(/jve s 1he qua;r;hun: size
ential FTIR. The nonparabolicity constants for both the con-;e de_c | omcljnati_s € Splitting of the degeneracy ot the fongi-
duction and valence bands of PbSey.=ry,=1.9 udinal and oblique vaIIey_s at the L-po_m_t in the Brillouin
X 10~ 15 crr?, are thus obtained, see Table II. Figure 6 show<ZOne. The observation of .|ntervalley spl!tt|ngs and the spac-
the comparison of the conduction and valence band energ{)r]gs .Of the energy levels n the parapohc wells allowed de-
dispersionsg.(k) andE, (k) with the experimentally deter- DerT'galt'g\r} o;ntgtleadgfgrrfgtgv p&ﬁgﬁalafgnﬁarézsfgggage’
mined yc and y, values to those of parabolic bands. It is adr;erﬁent with vuaijes .obtai’ned from APW calculations
seen that the nonparabolicity effect is significant for eIec-Fg he fitt he highl ited . b.
trons or holes excited by more thar250 meV with respect rom the fitting to the highly excited state transitions ob-

to the conduction or valence band edges, respectively. served in the dlfferentlgl transmissions the nonparabolicity
parameters for conduction and valence band of PbSe are de-

H —15
V. CONCLUSIONS termined to be 1.8.10 ° cn?? for each band.
Parabolic PbSe/PbSrSe multiple-quantum well structures
were grown on Baj{111) substrates by molecular beam ep-
itaxy. Unambiguous observation of subband transitions by Funding for this work was provided by the National Sci-
differential FTIR spectra without superimposed interferenceence Foundation, Grant Nos. DMR-9802396 and DMR-
fringes revealed the expected harmonic oscillator energy 1ev0080054.
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