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Optical deformation potentials for PbSe and PbTe
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The values of optical deformation potentiély, andDy) for PbSe and PbTe are analyzed using absorption,
luminescence and x-ray diffraction data on high quality, deep quantum well PbSe/PbSrSe and PbTe/PbEuTe
structures. Published optical data on PbTe/BstFuctures were also used. It is important for these evaluations
to use the value of isotropic deformation potentiBls,) which is determined from the low temperature
hydrostatic pressure experiments and the intervalley splitting which was determined from differential absorp-
tion spectroscopy. The fitting procedure was done using an acdurateodel for the band structure near the
fundamental gap including anisotropy, multivalley, and band nonparabolicity effects. Photoluminescence was
measured in pulsed mode at 4 and 77 K, which gives the lowest energy state in the rectangular well. The strain
and well parameters were measured with a high resolution x-ray diffractometer. We find the new optical
deformation potential values at low temperatui2g=—-0.2 and —-0.5 eV, anB4=5.3 and 3.5 eV for PbSe and
PbTe, respectively.
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[. INTRODUCTION optical studies of epitaxial filn¥sand superlatticésallowed

There is a considerable interest in studying the energ etermination o_f.the deformation. potential constants for
spectrum changes due to strain in semiconductor muliPPTe using a fitting procedure with many unknown band
quantum well(MQW) heterostructures. It is especially im- Parameters. Recently, somew_hat different values f_or PbiTe
portant in the case of IV-VI semiconductors because goo@nd PbS&'? have been obtained from photoluminescence
lattice matching is restricted to four-component solid solu{(PL) and absorption measurements of MQW structures.
tions and in view of the lack of good substrates, particularlySimilar optical deformation potential values for PbSe were
for PbSe. As a result, the most common IV-VI MQW struc-obtained  from  photoluminescence measurements  of
tures are strained and energy spectra depend on the strain aiéSe/PbEuSe structures with triangular quantum faftsl
deformation potential values, which in turn are not well absorption measurements of PbSe/PbSrSe structures with
known for the Pb salts, the main family of IV-VI semicon- parabolic quantum welfs: However, considerable discrep-
ductor compounds. In particular, the deformation effects du@ncies still remain among the experimental and theoretical
to uniaxial strain have not been extensively studied. So faglata for the optical deformation potentialy and D,. In
the theoretically and experimentally determined deformatiorparticular, with a few exceptions}**mostD4 andD,, values
potentials are spread over a wide range; in the cagetgpe  do not agree with the isotropiwolume deformation poten-
PbTe, for example, the obtained acoustic potential valueial Diso=3Dgy+D,, determined with good accuracy from hy-
vary from 6 to 40 e\t IV-VI semiconductors are soft ma- drostatic pressure experiments at  different
terials with easy dislocation glide in th€10) directions temperature$813-15
along the {100} planes? therefore it is rather difficult to On the other hand, previous optical studies of IV-VI
produce uniaxial strain in them directly. In fact, there hasstrained structurés!! were based on the model that in these
been very little work in this area following the pioneering structures the lowest energy transition belongs to the normal
optical studies of Pratt and McMulfinwhere uniaxial pres- (longitudina) valley. Recent differential transmission spec-
sures up to 150 bar produced a spectral shift of 2.5 meV ifroscopy of PbSe/PbSrSe/BAEll) MQW  structures
the low temperature photoluminescence spectra of PbSgearly demonstrates this validity at well widths up to
crystals. Another way of generating uniaxial strain in hetero-30 nm® An important aspect of this work is that the
structures is to grow lattice-mismatched layers and/or t@uthors®were able to measure the intervalley splitting which
change the temperature of structures grown on substrategsults directly in ongD,) of deformation potential con-
with different thermal expansion coefficients. As optical ex-stants and the next ori®g) can be obtained from thB,
periments have shown, the elastic strains in this case result ielation.
noticeable spectral chang@sgp to 20 meV or~10% of the Presented here is a detailed analysis of the absorption and
energy gap PL spectra of high quality PbSe/PbSrSe and PbTe/PbEuTe

Spectral changes between free and strained 1V-VI epitaxMQW structures at different sample temperatures. Published
ial films were detected in magneto-optical absorption as firstlata for PbTe/Bajfstrained structurés’18were also used.
reported in Ref. 4. The authors used their results to calculatBased on the experimentally determined, and the unam-
the interband deformation potential values for the IV—VIbiguously determined well-width dependent intervalley
semiconductors(see Table IV below Further magneto- splitting'® we have used a fitting procedure within an accu-
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TABLE I. Acoustic(Dg” andD;") and opticalD4=Dg- D} andD,=D{,-D})) deformation potential values for the IV-VI semiconductors

(in eV).

Material D D DY DY Dg-DY D;-D}, Diso Reference
-3.60 5.01 -8.75 3.25 5.15 +1.76 17.21 R#bii
PbS 1.38 3.42 -1.94 Endef®
6.9 Finlaysorf®
-2.67 2.56 -9.15 4.67 6.48 -2.11 17.24 R#bii
1.06 3.14 -2.08 Endet®
PbSe 6.5 -3.7 15.8 Valeikd
6.1 -1.3 17.0 WP
5.3 -0.2 15.7 4 K
5.33 -0.6 15.4 77 Kthis work)
4.9 -0.7 14.0 300 K
-4.36 8.29 -8.93 10.46 457 -2.17 11.55 Ferféira
0.297 2.48 -2.18 Endetr®
-1.09 2.07 -2.23 2.62 1.14 -0.55 2.87 Kriechb&um
PbTe 4.9 5.4 1.9 -0.5 @5.2) Singletor?
4.3 -2.8 10.1 Valeikb®
+0.5 Oor1l 3.53 -0.5 10.1 ~4 K (this work)
-5.5 -8 +2.5 llisavskf®
3 9 -6 Shamshéf

rate two-band -p model for the low energy transitions. This PbSe and PbS by Ralf.Later on, Endefs performed
permitted the determination of new values for the PbSe antight-binding calculations based on the so-calleanodel
PbTe optical deformation potentials, which fit best the avail-and got quite different values plus a sensible nonlinearity
able data. Before the description of the experiments and theith the strain. In Table I, we have listed the obtained theo-
discussion of the results, we next briefly review the theory ofretical valuegat very small distortion for Ref. 33ogether
IV=VI semiconductor quantum well energy level change duewith those obtained experimentally by different groups. The
to uniaxial strain. mentioned large variation is clearly seen and calls for both
more calculations and measurements.
Il. THEORY As given by Eq.(1), the strain energy shift depends on
both deformation potential and strain tensors. If we consider
For the present purpose, the deformation potential can bgnly thin (under critical thicknegslayers, i.e., pseudomor-
simply defined with the general expression for the band-edgphic growth, we can assume homogeneous strain determined
energy shift due to strain, i.e., by the in-plane isotropic strain paraméfer
OB, :% D&V, (1) o= a 1, @
a
where D% is the conduction or valence band deformation
potential tensor and is the strain tensor. The lead-salt band
edge states at each of the four equivalepbints, except for
Kramers degeneracy which is not removed with strain, ar
nondegenerate and, in the linear regigoe first order ap-
proximatior), Eq. (1) is always valid. For these states, by
cubic crystal symmetry, it is known that the deformation po-
tential tensor is determined by only two independent con- Cy1+2C1,—2Cyy
stants,Dg” and D", the dilatation and uniaxial acoustic de- g, = ZC +2C.+ 4,5 3)
. . . 11 12 44
formation potentials, respectively. In the 1960s, these
deformation potentials have been calculated, with thewith the proportionality constant given by the material elas-
augmented-plane-wavAPW) method based on the Pikus tic constant<C;;, which are known at different temperatures
and Bir? strain Hamiltonian, for PbTe by Ferreffaand for  (see Ref. 28 for PbTe and Ref. 29 for PhSe

wherea is the substrate material lattice constant ani the
common in-plane lattice constant of the epitaxial layer or
MQW structure, which can be measured with good accuracy
i a high resolution x-ray diffractometer. The only other
strain component is the out-of-the-plane or perpendicular
strain that is proportional to the in-plane stréfri,e.,
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TABLE Il. Elastic constants, hydrostatic pressure gap coefficients Dgjadzalues for PbSe and PbTe.

Material PbSe PbTe

T, K 4 77 298 4 77 303
Cy1,2 1019 N/m? 14.18 13.98 12.37 12.81 12.43 10.80
Ci2 1019 N/m? 1.94 1.97 1.93 0.44 0.47 0.77
Cy4,2 1010 N/m? 1.749 1.695 1.591 1.514 1.482 1.344
(C11+2C;,),2 100 N/m? 18.06 17.92 16.23 13.66 13.41 12.34
dEg/dP, 1076 eV/bar -8.7+0.8 -8.6+0.2 -8.6+0.1 -7.4+0.8 -7.4%0.2 -75
Diso, €V 15.7 15.4 14.0 10.1 9.9 9.3

8 lastic constants were taken from Refs. 28 and 29 for PbTe and PbSe, respectively.
bThe pressure gap coefficients are taken from Refs. 7 and 8 at 4 K, from Ref. 14 at 77 K, from Ref. 13 for PbSe at 298 K, and from Ref.
15 for PbTe at 300 K.

The energy shift due to uniaxial strain in IV=VI semicon- (100 2(C;;—Cy)
ductors is different for the gap stateslapoints orientated OBy = TDiso«?u- (7)
differently with respect to the strain axis; and, therefore, the 1
valley degeneracy of these materials can be lifted by uniaxiaHere the isotropi¢volume) deformation potentiaDe, is ex-
strain. In addition, the populations of different valleys maypressed through the optical deformation potentials as
also be different. In optical experiments with uniaxially follows:3°
strained samples both the energy shift and the valley splitting
are observable.

Let us consider in detail the typical and important ex-
amples of uniaxial strain due to lattice mismatch in epitaxial
layers or MQW structures grown along tfig¢11] or [100] wheredE,/dP is the volume hydrostatic pressure gap coef-
crystallographic directions, as defined by common substrateficient.
for the growth of IV-VI materials. The different valleys in For PbSe and PbTd);,, has been measured with good
case of[111] direction are divided into one orientated nor- accuracy at room and low temperatufég3-15The D;, val-
mally to the(111) plane in reciprocal spacg.e., along the ues are presented in Table Il. In Fig. 1 we have plotted the
[111] growth direction and three equivalent ones along di- empirical D;s, lines in the(D,,Dy) space, for different tem-
rections forming the same angle with the growth direction,

d
Dio= 304+ Dy =~ (Cys+ 201) 2, ®

which are called oblique valleys. The interband optical tran- 7r
sition energies probed in absorption and PL experiments de- Valeiko {4 K) Rabii (th
pend only on the strain induced energy shift of the funda- i a Rabil (theory)
mental band gajy (and not on the valence and conduction 6 A Wu(77K)
band edge shifts independentlyt is then convenient to de-
fine optical deformation potentia®y=Dg—DY and D, =Dy
—-D}, so that the valley dependent energy gap strain shift is PbSe
given by >T" Valeiko (4 K) 4K
77K
SEy =Dg(2¢,+&,) +Dye, (4) s ¥ Ferreira (theory) 300 K
@
and 4
a)

0EG=Dq(2s,+5,) +DyBey+s )9,  (5) pore
for the normal and oblique valleys, respectively. In E@S. 3k PbSe 77K
and(5) the first term contributes to a shift in both the normal ®m PbTe 300K
and oblique valleys by the same amount, while the second [ ® PbSeandPbTe
term contributes to a splitting of the two different valleys. ,L (this work) _
The amount of this splitting depends only on the uniaxial = Singleton (2 K)
deformation potential constant as follows: — )

-4 -3 2 -1 0 1
8
A= 8By - 0Eg = gDy(e | ~ ). (6) D, (eV)
In the case of100J-oriented substrates all four valleys are  FiG. 1. Connection between dilatational and uniaxial optical
equivalent, i.e., all the major axes of the ellipsoids mqke theformation potential constant®;s,=3Dy+D,,) for PbSe and PbTe
same angle with the surface normal. The gap change is givedt different temperatures. The published theoretical and experimen-
by tal D;so values are very scattered around the straight lines.

115302-3



ZASAVITSKII et al. PHYSICAL REVIEW B 70, 115302(2004
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WY PbSe/PbSrSe MQW's T=4K 7|
E,"=145meV  E=450 meV ]

N D,=6.1eV D,=-13eV ]

peratures, and have assigned also the points corresponding 240 [
different independent determinations@f andDy. The men-
tioned disagreement is clearly seen. For example, the mez
suredD;, value for PbTe® is smaller by several times the s
value obtained from the pressure gap coefficient. The onlyg
data which obey th®, lines are the PL measuremeffs!l 200
However they also need corrections due to the new absorpg
tion and PL data obtained with high quality deep quantum
wells. .
In MQW structures, the optical transition energies include
also the addition of both electron and hole quantum &ize
confinemenyt shifts, E, andE;,, which besides being strongly
well width dependent, can be calculated with high accuracy, 10} ]
especially for the lowest states, within the envelope function o 5 1 1 2 = =
method based on a multibakdp model for the bulk(with Well width (nm)
the band gap and the electron band edge effective mass, both
eventually strain shifted, as the only parametétsThere- FIG. 2. Crossing oE), andEY, interband transitions depending
fore, if the strain is known, the optical deformation potentialson the well width and strain for deformation potential values of
remain the only two unknown parameters in the evaluatiorp,=6.1 ev andD,=-1.3 eV.
of the quantum well optical transition energies.

Du_e to the strong wel[ width depende_nce 9f quantum SIZ80del, respectively. The band edge effective masses for elec-
energies and due to the intervalley splitting sign dependenc(a,onS and holes were taken from Ref. 32
several different energy level structures can occur. When the As we can see in Fig. 2, the eneréy sbectrum of a quan-

quantum size shift is zero or small, as in thicl_< e_pitaxial Iay'tum well is defined by quantum size and deformation effects.
lers orIW|de quantum wlell structures, tgebstram mducgd ValFor narrow wells the quantum-size effect can be one order of
ey splitting is accurately approximated by H®), i.e., de- maani . ;

gnitude larger than the deformation potential effect. For
pends only orD, In_PbTe/PbEuTe and PbSe/PbSrSe I\/lQWWide enough wells, instead, the deformation potential effect
. : S : - 'Sceeds the guantum-size effect. At low temperatdrk), a
present in-plane tensile strain, i.ey>a ande, is positive. crossing PbSe well width of 23 nm is obtained with the de-

From Eqgs.(3) and (6) it follows that if Du<0’.A IS, In th'.s . formation potentials reported in Ref. 12. With the values of
case, positive, meaning that the lowest optical transition bef 8 the crossing is seen to happen at a thinner well

such an epitaxial layer or wide guantum well is from the(~10 nm. However, this is in contradiction with the latest
oblique valleys. As the well width is reduced the confine- e L 121633
%bsorptlon observatiort:16:33the energy of the normal val-

ment shifts for the oblique states increase much faster thaIey transitions is always less than the energy of oblique val-

that for the normal onédue to the much smaller oblique ley transitions, at low temperatures and at well widths up to
valley electron and hole effective mass along the growth di; y ; b P

rection); and, as a result, below a certain criticatossing 3r(3 nrlr(;. bTherefore.dthe doptlcal deformation potential values
well width the lowest transition is from the normal valley. should be reconsidered.

Note that forD,>0, |A| increases monotonically with de-
creasing well width, and there is no crossing.

Such a crossing effect in strained PbSe quantum wells is
illustrated in Fig. 2, where we have plotted the calculated Due to different material constituents of a heterostructure,
lowest transition energies as a function of the well width forlocalized strain can occur and play an important role in the
both normal and oblique valleys. A two-band model accountoptical properties because of its influence on the transition
ing for band nonparabolicity, many valley, and anisotropyenergy. This problem is especially important in the case of
effects is treated within the standard envelope function aplV—VI MQW structures using, as a rule, another material
proximation. Since PL intensity for both MQW structures class as a substrate. There are two strain sources in [V=VI
was high, comparable with one of the best thiék-3 um) MQW structures grown on BaFsubstrates. The first one is
epilayers grown on BafFsubstrates, the heterojunction is of the lattice mismatch between structural constituents, i.e., be-
type-I. There is no information about band offsets fortween well and barrier. The structure growth is usually
PbTe/PbEuTe and PbSe/PbSrSe heterojunctions. Considetarted on a relatively thici.e., relaxegl buffer layer and the
ing the mirrorlike band structure of these materials and thevell and barrier layers are thinner than the critical layer
good agreement obtained with the measured absorption spetickness, so in the first approximation they are elastically
tra (including the 3 nm QW sampjé we have used\E, and uniformly strained. Since the lattice constants of PbEuTe
=AE, for our deep quantum well@E;=0.3 eV atlow tem- and PbSrSe solid solutionarrierg are larger than PbTe
peraturel and checked that the lowest optical transition en-and PbSewells), respectively, the wells are under tensile
ergies depend very little on deviations from such band edge-plane strain and the barriers under compressive in-plane
discontinuities. Strain effects were also included with thestrain. However, as the number of repetitions in our MQW
energy gap and the effective masses renormalization in asamples is higli40 to 50, the MQW stack does not remain
cordance with previous considerations and the two-bangseudomorphi¢same in-plane lattice constanb the buffer

g, = 3x10°

crossing

normal

3
~ 180 )
s | - oblique

ti

nsi

Tral
>
o

bulk PbSe

Ill. STRAIN
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g O-order
¢ + buffer

v r 1 1170 T T T T T T T T T T
22

PbSe/PbSrSe MQW's T =300 K
& %= (2.16-0.048 L) x 10° .

10° F L=3.5nm

2,0
a = 0.61390 nm

18
g, = 1.99 10°

16

PEERTTTT EEESRTTTT EETECRTITT MR |

10° 5 |
< 14} B
10 "2[" a(PbSe)=061268 nm ]
10} a(PbSrSe, E=0.516V) = 0.61403 nm
m Aala = &™ =2.2x10°
g 10° 08 -
~ e ] I L
> 06
= 254 256 258 260 262 26,4 0 s 1 I 2 2 %
c Well width (nm)
‘.q?‘ T T T T T T T T T T T T T T T T T
£ 10*EL=106nm 0-order FIG. 4. In-plane strair(e;) in the PbSe well of PbSe/PbSrSe
buffer $ a,=0.61369 nm MQW structures versus well width at 300 K.
s i g, =165x10° _ .
10 (2 MQW samples was calculated in the framework of dynami-
BaF . .
. cal theory of x-ray diffraction, and compared to the measured
102 i ones. The perpendicular strain componentis obtained by
b Eq. (3) using elastic constants of the bulk mate(igable ).
. 8 | The solid lines in Fig. 3 are the calculated spectra that best fit
10 E P 4 to the measured datapen circley using the in-plane lattice
E . wd)E dfe ¢ constan{a,) as the main fitting parameter. The parallel strain
10° fre==ocpml thotf Mrerl oIS (g)) in the PbSe wells of each sample was then determined
s i S i~ using this fitting procedure and Fig. 4 shows how it varies
25,4 25,6 25,8 26,0 26,2 with the well width. Thus, it is also necessary to take into

account the well width strain dependence, and it is important
for wide wells because the quantum size effect is still re-
markable due to small effective masses in IV-VI semicon-

© (degrees)

FIG. 3. /26 scan around th€222) Bragg diffraction peak for .
PbSe/PbSrSe MQW samples with PbSe well width of 3.5m  ductors(see Fig. 2
per panel and 10.6 nmlower pane). The solid lines are the cal- The second strain source is thermal expansion differences
culated spectra that best fit the measured data represented by tAgtween the semiconductor structure and the substiate
open circles. our case Bap. An important question concerning 1V-VI

epitaxial structures grown on the BaBubstrates arises: Is

layer. It starts to relax and tends to a free-standing conditiorthere a temperature at which this thermal strain is zero? The
This fact becomes especially important as the well widthexperimental evidencgelectrical and optical propertip-
increases. It was demonstrated for PbTe quantum wells idicates that the strain is practically zero at room temperature.
Ref. 34, where it was possible to fit the measured x-ray specfFhe x-ray diffraction measurements show that thick epilayers
tra of PbTe/PbEuTe MQW samples assuming a commom@re almost unstrained at 300 the total residual strain is
in-plane lattice constartlifferent from the buffer valugfor ~ lower than 3x 10°* for a thickness of fum (Ref. 35 or no
the whole MQW stack, and to determine the average strain istrain to within +3x 107> (Ref. 3]. This result is important
the PbTe wells. The fraction of the maximum parallel strainsince our previous x-ray measurements gave only the lattice

in the PbTe well decreased with the well widthy 26% at
L,=20 nm, see Fig. 5 in Ref. 34

mismatch strain at room temperature.
There are two possible reasons for the negligible thermal

Similar strain analysis was done here for PbSe quanturstrain near room temperature. On cooling the samples from

wells. As an example, the/26 scan around th€222) Bragg

their growth temperature a stress is generated at the interface

diffraction peak is shown in Fig. 3 for the PbSe/PbSrSeand it is relieved by creation and movement of dislocations.
MQW samples with PbSe well width of 3.5 and 10.6 nm. InIn addition, although the thermal expansion coefficigmats

both x-ray spectra, we can see the zero-o(dawst intensg

of IV=VI semiconductors and the BaBubstrate are similar

plus several satellite peaks belonging to the MQW structuré¢hey do have a different temperature dependéné@:
together with the Baf-substrate peak, which is used as aa(lV-VI)<a(BaF,) at growth temperatures of 350 °C and
reference for the® axis. The PbSrSe buffer layer peak is a(IV-VI)> «(BaF,) at temperatures less than100 °C.
overlapped by the zero-order peak in the x-ray spectrum ofhus, after sample cooling to room temperature, a partial

the sample with narrow PbSe wéll,=3.5 nm and the split-

compensation effect takes place.

ting between both peaks is already visible for the sample On cooling the sample from room to cryogenic tempera-
with larger wells(L,=10.6 nm. In order to determine the tures some residual elastic thermal strain in the sample is

strain inside the PbSe QW's, tli222) w/26 spectrum of the

generated® This is based on a stutfywhere this thermal
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strain in PbTe/Baffilms or PbTe/PbSnTe/BaRsuperlat- PbTe/PbEuTe MQW's
tices was measured at low temperatures, and a value of 1. 40—

X103 was obtained. The calculaf®dthermal strain be- w0l @ £ 77k -
tween PbTe and BaFis 1.6x 1073, 1.4x10°% and 0.88 E bk PbTe T=774K ]
X 1073 at temperatures of 4 K, 30 K, and 77 K, respectively.  **[ ' ]
5.3 nm
/

There is thus good agreement for a temperature of Ih& 250 -
real sample temperature on the cold finger in the x-ray cry-
osta). These values should be added to the mismatched ten
sile strain values measured in the wells at room temperature
A similar analysis is needed for the PbSe/Balystem. The 100 [ T=42K
directAL/L, temperature dependence for PbSe is not known, A

200 |
L, E14n0m 9% nm _—4.5nm 2.3nm

150 | 1

Intensity (a.u.)

. 50 |- E (4K
but it should have a temperature dependence of thermal ex (40
pansion coefficient mismatch very close to that of PBTe. O-L A T
018 020 022 024 026 028 030 032 034 036 038

Energy (eV)
IV. SAMPLES AND OPTICAL MEASUREMENTS
0.08 T —

The PbSe/PbSr&&33and PbTe/PbEUPE* MQW struc- T=aK i
tures used are briefly described here. They were grown or | o) — L-Valley Degeneracy Spiiting ;0
freshly cleaved Baj-(111) substrates by MBE at tempera- 0.06 - @2
tures of 360 °C and 300 °C, respectively. Before growing
the MQW structure a thick3—4 um) buffer with the same
composition as the barriers was grown in order to accommo+ 004
date completely the lattice mismatch of 1% and 4.4% for <
PbSrSe/Baf and PbEuTe/Baj; respectively. The barrier oy

composition was chosen to get a barrier band gap of 0.5 e\ ooz a-1y 7
or more at 300 K as verified from infrared absorption mea- I Y @2 e (aar J
surements. Therefore, the wells were deep enough even ¢

29.7 nm

room temperaturéat low temperatureAEy increases due to 0.00 . . . . . ]
the smaller gap temperature coefficient of the barrier 120 160 200 240 280 320 360 400
material$®). The well width was varied from 3 to 30 nm.
The barrier thickness was varied from 40 to 50 nm. The
number of periods was from 40 to 50. FIG. 5. The PL spectra of PbTe/PbEuTe MQW structures at 4
The samples were characterized structurally by high rescand 77 K(a) and derivative transmission spectra of PbSe/PbSrSe
lution x-ray diffraction in the triple configuration to deter- MQW structures at 4 K for different width PbSe wels).
mine the barrier and well width lattice paramet&rdvea-

surements were performed at room temperature. The strain [fS€Nt With high accuracy the band gap. The PL linewidth

the wells inside the MQW structure was obtained as a funcVas found to increase from approximately 1.5 to 4 meV as

: ; ; ; ; : well width decreased from 20 to 2.3 nm at constant level
tion of its width using the common in-plane lattice Cor‘St"’lmexcitation. It is due to penetration of quasi-Fermi levels into

as the main fitting parameter. It decreased monotonicall
: . ands.
with well width. MQW structures demonstrated a good re- Typical differential spectra of PbSe/PbSrSe MQW struc-
solved satellite peak structure that indicates their high quality,,.as™ with different well width$ between 9.7 nm and
(thickness reproducibility, homogeneous Eu or Sr contentyg 7 nm at 4 K are shown in Fig(1%. The spectra are ob-
and low interdiffusion. _ tained by taking the difference between a transmission spec-
Infrared transmission spectra were obtained at samplgum at one temperature and the spectrum at a slightly lower
temperatures from 5 K to 300 K in a Fourier transform in- temperature. This takes advantage of the temperature depen-
frared spectrometéri® PL spectra were measured in pulseddence of the PbSe band gap, so that step edges associated
mode at 4K and 77K using a Nd:YAG lasethv  with different transitions in the transmission spectra become
=1.17 eV for excitation and in CW mode at 300 K using an peaks in the difference spectra. Thus the temperature differ-
InGaAs laserthv=1.28 e\ for the excitation. A gold-doped ence spectra are in essence energy derivative spectra. Split-
germanium (7.5 um cutoff wavelength or HgCdznTe ting of L-valley degeneracy is indicated for the 9.7 nm thick
(6 um cutoff wavelength detector with a detectivity of QW. Note the remarkable peak intensity difference that re-
10° cm HZ2/W was used. The energy resolution wasflects the different densities of states in normal and oblique
0.5—-1 meV. valleys, i.e., transition intensity is much higher in the three-
As-grown samples were used for the low temperaturdold degenerate oblique valleys than in the one normal val-
measurements. Therefore no deformation hardening tooley.
plac& during several thermal cycles. Typical PL spectra of
PbTe/PbEuTe MQW structures at 4 and 77 K are shown in V. RESULTS AND DISCUSSION
Fig. 5a). Emission lines are stimulated and they arise from As discussed above, depending mainly on the well width
the high energy side of spontaneous line, therefore, they refand on the specific values of the deformation potentials, the

hv (meV)
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TABLE Ill. Experimental and calculated valley splitting values for PbSe.

LZ ETl E?l Acalc Aexpt
(nm) gy X 10° (meV) (meV) (meV) (meV)
9.7 3.29 202.8 219.6 16.8 21.1
20.6 2.78 172.6 179.6 7.0 7.3
29.7 2.33 164.1 168.1 4.0 3.8

lowest optical transition in these QW structures can be either Finally, the results at room temperature are plotted in Fig.
from the normal or from the oblique valleys. The corre- 6(c). Since the intervalley splitting~10 me\) for E;; tran-
sponding transition energies are denotedelyandE?, re-  sitions is small in comparison to kT at room temperature
spectively, and given b¥},=Ey+E,"+E, " +E, ,", where (26 meV) no differentiation between normal and oblique val-
v=N,0 and Ej,, , is the first electron or hole quantized leys is observed; most of the experimental points lay be-
state from the ’vélley. tween the calculated curves. Thus good agreement was ob-
If we consider the pure strain effect for tiL1] direction  t2ined between the low energy state differential spectroscopy
the following relation between the normdY.) and oblique and PL data, from one side, and the calculations in the frame-
1L

lev (E© " : K lace =E©. at D work of the two-band model, which is also valid for the low
valley (Epy transition energies takes place;;=E; at Dy gpergy states, from the other side. It should be noted that the

=0; Ep> ',5?1 at D,<0; and E}<ED at D,>0. The  ppge deformation potential values change with temperature:
guantum-size effect increases both energies as the well widiy 4 slightly decreases arid, by several times increases with
decreases. For example for PbSe, Ef¢ energy is blue- increasing temperatursee Table)l Taking into account that
shifted twice as much as tHg}; energy due to anisotropy D, andD, are differences of big quantities we can conclude
effects, i.e., the transverse effective mass is almost one-halfiat the acoustic potential values change with temperature.
the longitudinal one. The final result of both energies de- The PbTe optical deformation potential constants were
pends on well width, effective mass, strain and deformatiorobtained(see below from laset’ and magneto-optickl!®
potential values. measurements of PbTe/Baktructures at low temperatures
In the first PL experiments the relationE}, <EP, was and they areD;=3.53 eV andD,=-0.5 eV. We have used
used for the PbTe well widths up t5,=20 nm. Recent dif- these values for calculation of quantum well transition ener-
ferential absorption spectroscopy restf#8 clearly demon- ~ gies which are compared with photoluminescence data for
strate that the following relation takes place also in PbsePbTe/PbEuTe MQW structures. Considering the previous
EE'1< E?l at well widths up to 30 nm. The evaluationslat evziluatlons gf the thermal stra{a, =1.6X 107° at 4 K and
=30 nm, where the level shifts due to quantum-size and def! =0.9x10° at 77 K) and of the measuréﬂ mismatch
formation effects are comparable, show that the intervalle;?tram(wg'Ch depends ??n the well width and changes from
splitting A=E),-EY, is relatively small. This means thax, 1.9x10°* and 2.7<10°), we have used an averaged total

) : , train ofg; =3.9x10°% and 3.2x 1072 at 4 K and 77 K, re-
s negative and that Ieyel crossing takes place due to th pectivel‘ayl.I Calculations of the lowegtormal valley transi-
quantum size effect. Using,=~0.2 eVwe were able to get tion energy at two temperatures are shown in Fig. 7. The

the calculated intervalley splitting very close to eXpe”mentalphotoluminescence data points are also presented. A rather

values for three well widths_at 4 K. The well strain for each ;5,4 agreement between the two-band calculations with the
MQW structure was determined as discussed above. The ré&uy deformation potentials and the luminescence experi-

sults are shown in Table IIl. For the fitting we used the cal-mental data takes place.

culatedA values for theL,=20.6 nm and 29.7 nrfthe large As one can see in Figs. 6 and 7, some deviations between
quantum-size contributiofr~60 me\) atL,=9.7 nm is less  experimental and calculated transition energy values take
accurately given by the present two-band madehposing  place in the narrowest quantum wells=2.3 and 3.5 nm for
theD;s, constraint, we thus obtaiiD4=5.3 eV andD,=  the PbTe/PbEuTe and PbSe/PbSrSe MQW’s, respectively
—0.2 eV at 4 K. With these deformation potentials, we havedue to the decreasing accuracy of the two-band model with
calculated the transition energies at 4 K as a function of théncreasing energy. For these high energy transitions the six-
well width and, as shown in Fig.(8), obtained very good pand mod&® should be used.

agreement with the experimental data. To simplify, we have |t should be noted that the obtained optical deformation
used an averagedover samplep fixed strain of ;=3  potential constants for PbTe differ from most of the available
X 1073, In Fig. 6b) we show the results at 77 K. In this case, data in the literaturé;'t2*except for theD, value proposed

we have used the intervalley splitting=5.5 meV obtained in Ref. 5 and 6. It is very desirable to perform differential
at 66 K (¢9=2.18<107%. The best fit here leads tD,=  transmission spectroscopy measuremiénts high quality
-0.5 eV andD4=5.3 eV. Along with the PL data at 77 K, we PbTe quantum wells. Next, we discuss the deformation en-
have plotted also the absorption data at 66 K. They are nea@rgy shifts observed in different publications.

5 meV lower than the theoretical curves due to the PbSe

temperature gap coefficierit.4 meV/K). The second PL A. (100) Magneto-optical absorption
line corresponding tcEgz transition was observed for sample  Interband magneto-optical absorption has been medsured
L,=10.6 nm at a high excitation levé~10° W/cn?). in epitaxial layers of PbS, PbSe, and PbTe grown on NaCl
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Well width (nm) Well width (nm)
a0 N FIG. 7. Calculated lowest transition energies for norihahgi-
L g\ Bz PbSe/PbSiSe MQWs T=77K 1 tudina) valley versus well width of PbTe/PbEuTe MQWs at 4 and
400 | Evy E,j=169meV  E, =465meV 4 77 K. The deformation potential constants d@dg=3.53 eV and
< ‘ D,=5.33 eV ‘3DU"°'6 &V 1 D,=-0.5 eV and the total averaggdver samples strain is g
© %01 & =2.3x10 ] =3.9x103 and 3.2< 103 at 4 K and 77 K, respectively. The PL
g [~ i data were obtained in pulsed mode.
§ 320 [-Ey e absorption at 66 K
2 A PL ] .
D w0 ®) ] calculated and measureit,. Agreement is even better for
2 I T ] PbTe/NaCl if we compare the calculated value with the later
@ 240 |- ~ T T . .
§ | e T~ T ] measured shift valuesE;=-17.5 meV from an interband
P 200F  pukPbse 0 A - absorption study and E;=-20 meV  from PL
- \ ) measurement8. Some discrepancy is explained by the fact
wr oL P S S R that the authors of Ref. 4 obtained anomalously high
0 5 10 15 20 25 30

(77 K) values for the free layers in the absorption measure-

Well width (nm) ments as compared to values which come from many laser

— T T T and PL measurements, i.e., 169 and 214 meV for PbSe and
e E ‘\\Eﬂ" PbSe/PbSrSe MQW's T=295K PbTe, respectively.
h E'=269meV  E’=515meV |
wo k- D,=49eV D,=-07eV | _ _
% e =1.7x10° B. (110) PbSe strained photoluminescence
I =1,
= 00 LEn ] Photoluminescence of a bulk PW$£0) crystal under
S : ':Es"t’ggg"K ) uniaxial pressure up to 150 bar at liquid helium temperatures
% 360 | 2 N was measuredlA pulsed GaAs laser with the power of 5 W
5 ] and pulse duration of 100 ns was used. Two emission lines
B gl 0 e T—0 T ] were observed with slopes afhv,/dP=0.88x10"° and
g T ] dhv,/dP=2.17x10° eV/bar. The photon energy at atmo-
ol PukPpSe o TETTE—— i spheric pressure iBv(P=1 ba)=161.9 meV, which corre-
i ) sponds to a sample temperatureTef63 K. The measured
P T T T splitting value isA=1.94 meV at 150 bar. The calculated
Well width (nm) intervalley splitting for the[110] direction is: A=6E4(111)

FIG. 6. Calculated sub-band transition energies versus wel 6Eq(111)=1.2D,¢, Using Young's modulus E=1.35
width of PbSe/PbSrSe MQWs at three temperatures:@K77 K X 10° bar for PbSe at 77 K we obtaig ~ 10" at a uniaxial
(b), and 295 K(c). The solid and dashed lines correspond to tran-pressure of 150 bar yielding a splitting value of only
sitions in normal(longitudina) and oblique valleys, respectively. =0.06 meV, which is more than one order of magnitude
The deformation potential constants used Bg=5.3, 5.33, and |ower than the experimental value. The situation here is still
4.9 eV, andD,=-0.2,-0.6, and -0.7 eV; and the total averagednot clear. One reason for the discrepancy can be the nonuni-
(over samplegstrain isg; =(3,2.3, and 1.yx10°%at 4 K, 77 K, formity of the applied uniaxial pressure.
and 295 K, respectively. The PL data were obtained in pulsed mode
at4.2.and 77.4 K and in CW mode at 288 K. C. (100) PbSe heterostructure laser emission shift
(100) substrates. The layer thicknesses were 2t The Laser emission shift was obserfédor a double hetero-
results are presented in Table IV. Our calculation was donstructure laser with PbSe as the active region material and
using Eq.(7) for equivalent valleys. The thermal strain was different confinement layers consisting of PbS, PbEuSe, or
taken from Ref. 38. We can see a good agreement betwedthSrSe. The thickness of the active and confinement layers
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TABLE IV. Measured from magneto-optical absorption and calculated energy ébis for [100] direction and at 77 K.

Parameter PbS PbSe PbTe Remarks
Ey (4 K), meV free 286 165 190 Ref. 4
free 307 176 217
Ey (77 K), meV .
strained 278 159 203
OE4 (measured at 77 KK meV -29 -17 -14
Z., ev 4.2 2.5 2.1
A (in SE4=A-Diso-ey) at 77 K 0.58 0.57 0.64 Our data
Diso, €V 14.4 15.4 9.9
€ X 103 3.2 3.0 3.1
OEy (calculated at 77 K meV -26.7 -26.0 -19.8

were 0.5 and 2—4m, respectively. Heterostructures were +0.7MD,)¢g;. UsingD4=3.53 eV,D,=-0.5 eV, ands;=1.6
grown by MBE on PbS¢100) substrates. Depending on the x 1072 we obtaindE4=4.5 meV which is close to the mea-
lattice mismatch the energy shift in comparison with a ho-sured gap d|fferenc(93 meV).
mojunction laser was observed in the range from
3 to 22 meV. The shift sign was negative for PbS confine-
ment layerqlower lattice constantand positive for PbEuSe
and PbSrSe confinement layéhégher lattice constantThe
energy shift for the strained PbSE00 layer is &E, ) )
=0.58 £, The thermal strain is negligible for these re- Interband and intrabant? magneto-optical low tempera-
lated materials. Using the lattice mismatfh,=(0.5—3 ture studies were performed with strained epitaxial PbTe lay-
X 107%] as a strain we gefE,=4.5-27 meV. The measured €rs grown on Bajf111) substrates. Though authors in inter-
shifts are slightly smaller than these calculated values, whichand experimentshave measured an intervalley splitting of
is likely due to the partial misfit dislocation creation in the only 0.9 meV after a fitting procedure they have obtained the
MBE-grown sample. In the case of PbS confinement layersame value of the uniaxial deformation potentia|,=
the misfit dislocations dominatéAa/a~3%) and only a —0.5 eV as we have evaluated from Ref. 17. An intervalley
redshift of 8 meV due to residual strain is observed. splitting energy ofA°=1.5 meV for intrabandconduction
bang transitions was measuré8iThe formula for intraband
valley splitting isA°=1.88{¢, which gives the acoustic de-
D. (111) Splitting of the thin film PbTe laser emission formation potential for the conduction bafid|=0.5 eV at
In Ref. 17 a splitting of 1.4 meV was observed in a thin &1 =1.6X 10°%. Taking into account these values oy, and
film PbTe/Bak(111) laser at 9.5 K, in pulsed mode at in- Dy it is possible to conclude that the acoustic deformation
jection currents well above threshold. The authors attributegbotential for the PbTe valence barid,, is equal to 1 eV.
this splitting to the relatively small strain of 22107 in the
laser material. However, this value contradicts the known
strain of 1.6< 1072 in this structure at 4 K. The normal and
oblique valley splitting isA=1.8D,at 4 K. Using g,
=1.6x10° and|D,|=0.5 eV we obtailA=1.5 meV in ac-
cordance with the observed value. Summarizing, with the use of measured strain induced
The intensity of the low energy laser line is greater thanintervalley splitting energies, empirical isotropic deformation
that of the high energy laser line. This is consistent with thepotentials, and a detailed analysis of the strain we were able
low energy laser line being due to oblique valley transitionsto determine new optical deformation potential values for
and the high energy laser line being due to normal valleyPbSe and PbTe. At 4 K, for example, we have foug-
transitions, which is also in accordance with the magneto-0.2 and -0.5 eV, and4=5.3 and 3.5 eV for PbSe and
optical finding® This results inD,<0. Now usingD;,, (see  PbTe, respectively. They result from the best fit to the pho-
Table Il) we can evaluate the other deformation potentialtoluminescence and differential absorption spectroscopy da-
constantD4=3.5 eV. The measured spectral position of thetausing an envelope function calculation based on an accu-
low energy line of a thin-flm PbTe/BaFlaser is near rate two-band-p model for the bulk. In general, but more
192 meV. The bulk PbTe band gap at 10 K is 189 meV, i.e.specifically at low temperatures, a small uniaxial optical de-
the gap difference between bulk PbTe and strained PbT®rmation potential constar{D,) is obtained for both PbSe
layer is 3 meV. On the other hand, we can calculate this gapnd PbTe due probably to the mirror symmetry of the con-
difference (or the oblique valley shijt as 5Eg:(0.92Dd duction and valence bands in these materials.

E. (111) PbTe magneto-optical studies

VI. CONCLUSIONS
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