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Electronic and optical properties of PbTe/Pb 1 „Eu„Temultiple-quantum-well structures
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The frequency dependence of the absorption constant a(co) and the enhancement of the refractive in-

dex n(co) in the region of interband transitions between confined quasi-two-dimensional states of the
valence and conduction bands of PbTe/Pb, „Eu„Temultiple-quantum well (MQW) structures is studied
experimentally as well as theoretically. Transmission, reflectivity, and photoconductivity spectra of
several MQW's with PbTe well widths from 62 to 118 A and Pb| „Eu„Tebarrier widths from 486 to 621
0
A (x =3%) are compared with calculated spectra. The experimental data are compared to calculations
of the transmission and refiectivity of the multilayer structures based on frequency-dependent dielectric
functions e(tv) of the buffer and MQW layers. For the buffer layer experimentally determined values for
e(cv) are used, whereas for the MQW system the sum of a background dielectric function and an addi-

tional term, which takes into account the electronic contribution due to interband transitions between
electric subbands in the valence band (VB) and conduction band (CB), are used. For calculating the
second term two approaches were followed. The conventional approach is based on treating these inter-
band transitions as originating from confined states within the PbTe wells only. The second, more realis-
tic, approach is based on a complete calculation of the band structure of the MQW systems using a k p
envelope function approximation which yields proper energy eigenstates, eigenfunctions, and oscillator
strengths. The absorption constant a(m) is then obtained from an integration in k space. The electronic
contribution 5e (co) to the total dielectric function is independent of the position z along the growth
direction in the MQW structure, i.e., in this respect the MQW is treated as being optically homogeneous.
The calculated transmission and reAt:ctivity data fit the experimental data very well. The steplike
changes in a(co) result in cusplike changes of the refractive index n (co). From a comparison of the ex-

perimentally determined interband transition energies with the calculated values on several samples, the
conduction-band o8'set is determined to be AE, /AEg =0.55+0.2.

I. INTRODUCTION

PbTe/Pb, „Eu„Te heterostructures are of interest for
the fabrication of tunable diode lasers in the midinfrared
range (3—6.5 pm). ' Recently, Feit et al. reported the
highest cw operating temperature (203 K) for such midin-
frared lasers using a buried heterostructure concept. Pre-
viously, Partin' had achieved up to 175-K cw operation
using a side optical cavity quantum-well (QW) structure.
The band offsets in these many valley semiconductor ma-
terials, with minimum direct gaps at the I. points of the
Brillouin zone (BZ), have been studied by various
methods, including emission wavelengths of laser radia-
tion, photoluminescence, optical absorption measure-
ments, and cyclotron resonance experiments. All re-
ports published so far agree that PbTe/Pb, Eu Te-
forms a type-I band alignment in the range of composi-
tions x smaller than 10%. Partin' has used
Pb, „Eu„Se~Te, /PbTe QW's where Se had been add-
ed to counterbalance the increase of the lattice constant
due to europium and thus to achieve lattice-matched
QW's. Optical absorption measurements were made on
PbTe/Pb, „Eu„Te lattice mismatched multiple-quantum
wells (MQW's). In QW's with Eu content less than
about 5%, the band offsets deduced from the laser emis-

sion photon energies and the optical absorption measure-
ments indicated that the conduction-band (CB) and
valence-band (VB) discontinuities (b,E„bE„)are approx-
imately equal. ' However, photoluminescence studies
on these QW's with PbTe well widths of the order of
50—90 A were interpreted as giving evidence for
b,E, /EEs being either 0. 1 or 0.9, ' where b,Eg is the
difference of the band gaps. Similar results were ob-
tained from cyclotron resonance experiments on
Pb, „Eu„Se Te& «/PbTe QW's where an offset of
hE, /EEs =0. 1 was deduced. However, b E, /EEs
=0.55 gave a nearly as good fit. Up to an Eu content of
about 5% the energy band gap of the ternary (or quarter-
nary) compound increases rapidly and linearly' and con-
sequently the offset should increase linearly as well.

In this paper we present a systematic study on the elec-
tronic and optical properties of PbTe/Pb, Eu Te
MQW's with PbTe well widths from 62 to 118 A and Eu
contents x from 2.4%%uo to 3%%u~. The paper is organized as
follows. In Sec. II, the molecular-beam epitaxial (MBE)
growth of the MQW samples is described as well as the
structural characterization using x-ray diffraction and the
experimental investigation of their electronic and optical
properties. In Sec. III, a simple expression of the absorp-
tion coefficient a(co) for QW's and the method to obtain
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the refractive index n(ro) from the Kramers-Kronig
transformation of a(co) is described. The transition ener-

gies are determined from fits to the experimental
transmission spectra. In Sec. IV, the theoretical ap-
proach is presented. The band structure of the MQW's is
treated with the standard four band k.p Hamiltonian for
the lead salt compounds using the envelope function ap-
proximation (EFA) for perfectly periodic systems. The
input parameters are the band parameters of bulk PbTe
and Pb, „Eu„Te. The EFA theory is used to calculate
the superlattice states at the center of the superlattice BZ
as a function of the band offset. The band offsets are de-
rived from the quantitative comparison of experimentally
observed transition energies in all samples with the calcu-
lated ones. In addition, this theory is employed to calcu-
late the dispersion and wave functions throughout the su-

perlattice BZ for a fixed band offset. In Sec. V, the opti-
cal properties of these MQW's are calculated in the re-
gion of the fundamental absorption edge. The fundamen-
tal absorption coefficients a(co) are calculated for various
interband transitions involving the subband ladders of
both the longitudinal as well as the oblique valleys. The
calculations are based on two models. One treats the
PbTe/Pb& „Eu„Te MQW structure as dielectrically
homogeneous with respect to the electronic contributions
of interband transitions between electric subbands. The
other model treats the MQW as a dielectrically nonho-
mogeneous material, where these interband transitions
take place in the QW layers only. The resulting transmis-
sion and reflectivity spectra are compared with the exper-
imental spectra. We discuss the model dependence of op-
tical properties of the samples in Sec. VI.

It is shown that both the absorption coefficients and
the refractive indices of the PbTe/Pb& „Eu„Te MQW's
depend on Eu concentration and well and barrier widths.
In bulk materials, it is well known that the refractive in-
dex exhibits remarkable changes at the fundamental ab-
sorption edge. This was investigated by Stern for III-V
compounds, by Zemel, Jensen, and Schoolar and Yuan
et al. ' for the narrow-gap lead salts, where the band
nonparabolicity affects absorption and consequently the
refractive index n(co). For GaAs/A1As quantum wells
the enhancement of n(co) close to interband resonances
depends on the well and barrier thicknesses and barrier
composition. " ' Furthermore electric fields influence
the refractive index of QW s, which is important for elec-
trooptic device applications. ' '

The dependence of the refractive index n(co) of PbTe
QW's on the frequency exhibits pronounced maxima
close to the interband transitions between confined hole
and electron states in PbTe/Pb, „Eu„Te multiple-
quantum-well structures. In contrast to GaAs/GaA1As

MQW's, excitonic contributions to n(ro) are practically
absent in the lead salt compounds because of their huge
dielectric constant. '

II. SAMPLES AND MIDINFRARED
SPECTROSCOPY

A. Molecular-beam epitaxy of PbTe/Pb~, Eu, Te Te MQW's

The MBE growth was carried out in a RIBER MBE
growth chamber and custom built preparation and load
lock chambers with a background pressure of 5X10
mbar during growth. For the PbTe growth an effusion
cell filled with the PbTe compound is used and an addi-
tional Te2 effusion cell for adjustment of the beam flux

composition and the carrier concentration. With such
fine adjusted beam flux composition we have recently
demonstrated the MBE growth of very high mobility
PbTe epilayers with Hall mobilities up to 1.98X10
cm /Vs and carrier concentrations in the range of
1X10' cm at 5 K.' For the growth of Pb, Eu„Te
an Eu effusion cell is used in addition to adjust the x com-
position of the ternary compound and a second Te2
effusion cell to supply the excess ffux of the group-VI (Te)
element. ' The different beam flux rates were determined
with an ion gauge beam flux monitor calibrated with a
quartz crystal thickness monitor for absolute flux rate
measurements.

All films were grown on freshly cleaved BaFz (111)sub-

strates at substrate temperatures of 350'C, which was
calibrated with the melting points of different metals. '

Prior to the MQW growth a comparatively thick
Pb& „Eu Te buffer layer of d =3—5 pm was deposited on
the BaF2 substrate with an x content identical to that of
the Pb, „Eu„Te barriers in the subsequent MQW stack.
Therefore the Pb& „Eu„Te buffer layer is transparent in
the spectral range of interest and the x content of the
Pb& Eu„Te layers could be determined directly from
the absorption edge of the buffer layer. The thickness of
the buffer layers was chosen to be large enough to ensure
a nearly complete strain relaxation in spite of the high
lattice mismatch of 4.2% of the epilayer with respect to
the BaFz substrates. The structural perfection of the
buffer layers was checked by x-ray diff'raction rocking
curves and typically a width full width at half maximum
of about 30 arcsec for PbTe and of 80 arcsec for
Pbo 97Euo 03Te was found. In situ reflection high-energy
electron diffraction (RHEED) at 35 keV was used to
monitor the growth process. For low substrate tempera-
tures we have observed a large number of RHEED inten-
sity oscillations for PbTe and Pb& „Eu Te growth, '

TABLE I. Sample parameters of PbTe/Pb, „Eu„TeMQW's.

Sample (%)

2.6
3.0
2.4

Pb& „Eu„Te
buffer (pm)

5.25
3.35
4.62

PbTe well

(A)

62
93

118

Pb& „Eu„Te
barrier (A)

621
554
486

Number of
periods

46
20
30
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FIG. 1. High-resolution Q/28 x-ray diffraction pattern of
MQW sample A, (222) Bragg reflection, Cn Eal radiation; ex-
perimental data (solid line) and calculated diffractogram (dashed
line) are based on a simulation using dynamical diffraction
theory.

which can also be used to determine absolute growth
rates set in all cases to be close to 1 pm/h. For PbTe
growth an additional Tez flux of about 8 X 10'
molecule/cm sec and for Pb, „Eu„Te growth a Tez to
Eu flux rate ratio of 2.5 was used.

A series of several PbTe/Pb, „Eu„Te MQW samples
was grown with well widths between 62 and 118 A and
relatively thick barrier widths of 486—621 A in order to
avoid coupling and rniniband formation between the
quantum wells. The Eu content in the samples was kept
roughly around 3%, which gives a difFerence of the band
gap of the Pb& „Eu„Te barriers to the PbTe wells of
about 180 meV. For the MQW's on top of the
Pb& „Eu Te buffers, the growth was interrupted for 5
sec after completion of each single layer keeping the sur-
face under Te2 flux in order to promote smoothening of
the surface and to improve the interface quality. Despite
the strain due to the lattice mismatch between the PbTE
and the Pb& „Eu„Te layers, the RHEED pattern
remained totally streaked during the entire MQW growth
process, indicating the persistence of a smooth surface
throughout the whole growth sequence.

In the following, experimental investigations on three
different MQW samples ( A, B, and C; see Table I) are de-
scribed. In order to determine the exact MQW periods
and the thicknesses of the PbTe quantum wells, which
are of crucial importance for the determination of the
band off'sets (see below), all samples were investigated by
high-resolution x-ray diffraction techniques using CuK

&

radiation. Both standard 8-28 scans as well as high reso-
lution triple axis scans were performed using a channel
cut two-reflection Ge(220) analyzer crystal in the secon-
dary beam. As an example, in Fig. 1, the triple axis x-ray
diff'raction curve of the (222) Bragg reflection for MQW

sample A is shown together with a fit based on a dynami-
cal simulation (dashed line). The structural parameters
of the sample are given in the inset. We observe sharp
superlattice satellite reflection peaks up to the order 8,
with only a small increase of the peak broadening with
increasing satellite order, which indicates a low degree of
interface roughness.

The main peak (SLO) in the difFraction trace is the
zeroth-order (222) reflection of the whole MQW stack of
the sample, whereas the (222) Bragg peak of the
Pb& Eu Te buffer layer is observed just as a weak shoul-
der on the left-hand side of the main SLO peak. The lat-
tice mismatch between the PbTe QW and the
Pb, „Eu„Te barriers is only 0.19% for the small x con-
tents of 3% (QpbT& =6.462 A Qpb E„T =6.47 A).

0.97 0.03

Therefore the average lattice constant of the entire MQW
stack (with contributions of the thick Pb, „Eu„Te bar-
riers and the thin PbTe wells) is almost identical to the
lattice constant of the Pb, Eu„Te buffer layer. This re-
sults only in a minor shift of the SLO peak with respect
to the reflection of the buffer layer. The total thickness of
the MQW stack (46 periods) is 3.14 pm and therefore the
peak intensity of the underlying buffer peak is much
lower than that of the SLO peak.

The small difference of the angular positions of the
buffer and the SLO peaks confirms the existence of only a
very small lattice mismatch between the PbTe QW and
the Pb&, Eu„Te barriers. With such small mismatches
of only 0.19%, the thicknesses of the PbTe quantum wells
(for all samples d~ ~ 120 A) is well below the critical lay-
er thickness of this heterosystem, and, therefore, the
PbTe layers are fully tensile strained with respect to the
Pb& „Eu„Te buffer and barriers. This is also evident
from the good agreement of the calculated x-ray curve
(dashed line in Fig. 1) with the experimental one. From
the spacing of the satellite peaks the superlattice period
of the MQW stack is obtained. The Eu content in the
Pb& Eu Te layers is calculated from the energy gap
determined by infrared transmission measurements (see
below) using the relationship between Eu content and the
energy gap of Pb& Eu„Te given in Ref. 10. With the
knowledge of these two values, the quantum-well thick-
ness was calculated with an accuracy of +1 A.

On representative MQW samples, temperature-
dependent Hall measurements were performed. Because
of the parallel conduction of the Pb, ,Eu, Te barriers
and the buffer layer, the Hall measurements do not
directly yield the electrical properties of the PbTe quan-
tum wells. However, the 1ow-temperature mobility of
Pb, „Eu Te decreases dramatically with increasing Eu
content. ' In thick single layer reference samples we get
20-K Hall mobilities of about p=700.000 cm /V sec for
PbTe, and about a factor of 30 smaller value of
p=20. 000 cm /V sec for Pb, „Eu Te (x =3%). In
both cases the carrier concentration is of an order
n =5 X 10' cm . In MQW samples, we measured 20-K
Hall mobilities of the order of p=200. 000 cm /V sec.
Since the mobilities of the MQW's are of the same order
of magnitude as for the PbTe reference layers and are
much higher than those of the Pb& Eu„Te reference
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layers, it can be concluded that the contribution of the
buffer and the barriers to the conductivity in the samples
is significantly smaller than the contributions of the PbTe

quantum wells. Therefore, the low-temperature mobili-
ties in the quantum wells indeed are of the order of
several times 100.000 cm /V sec which indicates the high
quality of the samples.

The structural parameters of the MQW samples A, B,
and C as obtained from the characterization procedures
described above are listed in Table I.
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B. Midinfrared spectroscopy

Transmission, reflectivity, and photoconductivity mea-
surements in the frequency range from 500 to about 3500
cm ' (corresponding to wavelength of about 3.3—0.5 Ium

in the high refractive index samples) were performed with
the samples mounted in an exchange gas chamber of a
temperature variable cryostat equipped with ZnSe win-
dows. A Bruker IFS-113v Fourier transform spectrome-
ter was used with a spectral resolution of 2 cm '. To en-
sure photometric accuracy, the sample holder, which
could be moved up and down, was equipped with a refer-
ence diaphragm identical in size to that used for the sam-

ple which was either used to hold a BaFz reference sam-

ple or a mirror. For the transmission experiments, the
rather weak absorption of the BaF2 substrate was elim-

inated by normalizing the measured transmission of the
MQW samples to that of the BaF2 substrate. The mea-
surements were performed at T=5 and 77 K. For the
photoconductivity measurements, a constant current
source providing about 1 mA was used, and the voltage
drop across the sample was directly fed into a

preamplifier and connected to the detector signal input of
the Fourier transform spectrometer.

III. TRANSMISSION MEASUREMENTS
AND THE FITTING PROCEDURE

The transmission of sample A is shown in Fig. 2(a) for
T = 5 K (dots). The transmission data exhibit Fabry-
Perot interference fringes which result from the refrac-
tive index changes at the multilayer stack —vacuum and
bulk —substrate interfaces, which are modified by the
changes of the optical constants due to various interband
absorption processes between confined states in the
valence and conduction bands of the MQW structure.
The drastic steplike changes in transmission are the
consequence of the steplike increases of the absorption
constant at the interband transition between confined
states. At photon energies above the energy gap of
Pb, „Eu,Te barriers and buffer (2795 cm '), the sam-

ples become opaque. To deduce the optical constants
[a(co) and n(co)] from the measured transmission, a fit to
the data was carried out as described below.

(b) MQW¹A
T= 5 K
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FIG. 2. (a) Transmission vs frequency of MQW sample p.
Experimental data, dots; the solid line is the fit based on strict
two-dimensional joint density of states. (b) a(e) and n(co) re-

sulted from the fit.

a(fico }=g 3 ——+arctan
1

2J

Aa) —EJ

where j is the interband transition index, E denotes the
interband transition energies between the confined states
in the VB and in the CB of the PbTe wells, I

~
is a

broadening parameter, fm is the photon energy. Since
the growth is along [111]direction, two subband systems
occur. One is associated with the valley at the L point of
the Brillouin zone along the [111]axis (I}, which has a
circle as surface of constant energy in the (k„,k ) plane.
The other three valleys, with their main axes oriented ob-
liquely (o) with respect to the [111] growth direction,
yield three ellipses as surfaces of constant energy in the
two-dimensional case. Consequently, the prefactors A,
which depend on the two-dimensional joint density of
states as well as on the transition matrix elements, are
different for the transitions involving subbands of either
the longitudinal (l}or oblique (o) valleys:

A. Absorption coef5cient a(m)

In the strict two-dimensional (2D) case, where the
penetration of carrier wave functions into the barriers is
negligible, the absorption coefficient in the QW s, taking
level broadening into account, is given by' '

s~e' 2'
cn A 4~d

x '+', + '
2m,' 2m,'

(2)



5480 SHU YUAN, G. SPRINGHOLZ, G. BAUER, AND M. KRIECHBAUM

8m.e 2E 4m +5
cn fi 9 4md„

X
Ep 1 1

2m,' 2m,"

X ' (1+8~2)+,+
2m,' 2m,'

1/2 —1

1 1

2mI"
(3)

where g„(=3) is the oblique valley degeneracy index,
E&=2P, /mc is the square of the transverse interband
momentum matrix elements, and F =Pt /P, is the ratio of
longitudinal to transverse momentum matrix elements.

Equations (2) and (3) are given in cgs units. They differ
from the equations used previously by Yuan et al.
where the far-band contributions to the effective masses
(m,', mf, m,",mI") were not taken into account. Similar ex-
pressions were obtained in Ref. 21 for IV-VI compound
QW's. At this stage, n (to) is still an unknown quantity; it
will be determined later.

The total dielectric function e'" contains background
contributions e due to the lattice polarizability and due
to various interband transitions other than the fundamen-
tal transition at the minimum-energy gap, both from
more distant levels at the L points of the BZ (far-band
contributions) as well as from the remainder of the BZ.
In addition, e'" includes a pronounced dependence on the
transitions between the confined states in the valence-
and conduction-band extrema. This will be properly cal-
culated in Sec. V and give rise to a contribution 5E'"

&tot &BG+ fi&VB-cB

(4)

where B =ckn A. and c is the velocity of light. It should
be noticed that 5ez is independent of n, since it can-
cels the n in the denominator of AJ in Eqs. (2) and (3).

The expressions

tot tot ~ - tot—E) ~ 1 E2

( ~BG+ fi~vB-cB ) + t ( ~BG +fi~vB-cB )

are used in the following. The real part 5e& is calcu-
lated from 5ez by the Kramers-Kronig transforma-
tion:

fievtB "= P f "d~—'~'se2vB (c~B')/(~' ~2) . (6—)
7T 0

B. Refractive index n (co)

From a(to) as calculated from Eq. (1), 5ez cb is ob-
tained by using 5ez =(cn /co)a:

%co—EJ
5ez (truu) =g B —+arctan

J J

Similar to our previous work on PbTe and
Pb, Eu Te epilayers, ' in the range from 500 to 3500
cm ' we neglect ez and treat E'] as a quadratic func-
tion of photon energy to account for the contribution of
absorptions at critical points other than that at the fun-
damental absorption. P& (co) was determined from fits to
the experimental transmission spectra of PbTe and
Pb, Eu„Te (x =3%%uo) epilayers. We found that in the
range from 500 to 3500 cm ', the expression

=28.4+4.2 X 10 (A'co) /(cm ') holds for PbTe
and e, =24.3+2.5 X 10 (irido) /(cm ') for
Pb, ,Eu, Te with x =3%. For the samples A and C
with slightly different Eu content, interpolated values be-
tween 28.4 and 24.3, and 4.2X10 and 2.5X10, re-
spectively, were used according to the Eu content. Since
e& excludes the contribution from the fundamental ab-
sorption at the minimum gap, it is not identical to high-
frequency dielectric constant e„.

Then the refractive index n and the absorption con-
stant a of the PbTe wells are obtained from

n (co)= e'," + —,
'

[ [~ti't(co) ]2

+ [&tot( )]2] t/2

1/2

a(~) =a)e2"(co)/n(~)c, (8)

When a(~) [and thus the extinction coefficient a(co)]
and n (to) are known for the PbTe wells and the
Pb, „Eu Te barriers and buffer, the transmission and
refiection from the multilayered samples can be calculat-
ed using the transfer matrix method which properly
matches the electromagnetic fields at all interfaces.
In a first step, the measured transmissions of samples A,
B, and C were fitted using 8.'s, E 's, and I . 's as fitting
parameters. In Fig. 2(a) such a fit (solid line) is shown for
MQW sample A. The absorption coefficients a(tii) and
refractive index n(co) for the best fit are shown in Fig.
2(b) for various layers. The transition energies E 's

marked by the arrows are determined with an accuracy
of 0.5 meV for the (1—1)' transition and 1.5 meV for the
(2—2)' and 2.5 meV for the (1—1)' transitions. The su-

perscripts o and I refer to oblique and longitudinal valleys
and the numbers in the parentheses denote the electric
subband indices in the CB and VB, respectively. The
fitting parameters are listed in Table II.

The refractive index n(co) exhibits cusplike features
close to photon energies corresponding to the interband
transitions in the QW's. At the (1—1)' interband transi-
tion energy, the refractive index n of the PbTe QW's is

34 /o higher than the corresponding value of
Pb, Eu Te barriers. Similar fits were performed for
samples B and C. In Fig. 3, the absorption coefticients

The n and a of the Pb& Eu Te barrier and buffer layers
were determined from fitting the transmissions of MBE
grown Pb& Eu Te layers with same Eu content as the
MQW samples. '

C. Fit to the measured transmission spectra
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Sample
EJ

(cm '/me V)

1850/229
2317/287
2490/309

B)
(10' meV')

0.5
34
5.2

TABLE II. Fitting parameters.

r,
(cm '/meV)

5/0. 62
10/1.2
5/0. 62

spectra differ from the measured spectra, i.e., the Fabry-
Perot fringes are shifted.

IV. ELEC.I'RONIC PROPERTIES
AND BAND OFFSETS OF PbTe/Pb& Eu„Te

HETEROSTRUCTURES

A. Band-structure calculation

B
1730/214
2170/269
2900/359

0.9
22
13

10/1.2
10/1.2
10/1.2

1680/208

2015/250
2170/269
2370/294

0.2
13
2.8
0.3

10/1.2
8/1.0

10/1.2
10/1.2

(1-
d„=624
d~ =93 1
d~ ——118 A

3)g,
'

I
I
I

I

I

I
I

(a)

1500 2000 2500 3000

7.6

and refractive indices of all samples are plotted together.
In accordance with the prediction of Eqs. (2} and (3}that
the AJ's (thus BJ's) are inversely proportional to the well
width d, a(r0) increases with decreasing well width. Ac-
cordingly, the cusplike increases in n(ro) increase also
with decreasing d . In Ref. 20 we have shown that
without the cusplike enhancement of n (co) in the frequen-
cy range close to the interband transitions, the calculated

It is well known that up to Eu contents of about 5%
the band structure of Pb, „Eu„Te is similar to that of
PbTe. Both have a minimum direct gap at the L points
of the Brillouin zone. Consequently, the superlattice (SL)
band structure in the vicinity of the band extrema is most
readily calculated via the envelope function approxima-
tion. This requires the knowledge of the band gaps,
their alignments, the interband momentum matrix ele-
ments as well as the far band parameters.

Because of the many-valley band structure, the EFA
calculation is somewhat different from the usual calcula-
tion of the SL band structure of III-V or II-VI com-
pounds, ' ' which have their band extrema at the I
point of the BZ. In addition, the different orientation of
the valley axes with respect to the growth direction re-
quires a transformation between the coordinate axes. So
far no indication has been found for a coupling of
different valleys caused by the interfaces. In the follow-
ing the essential features of this EFA calculation are
presented, because the results are needed for the evalua-
tion of the absorption coefficient and the refractive index
later on. It should be noted that a superlattice composed
of IV-VI materials still has a center of inversion and thus
the eigenvalues are all doubly degenerate.

For energy states close to the band edges, the EFA
theory, which takes into account the twofold degeneracy
of CB and VB explicitly and the far-band contributions in
second-order perturbation theory, suffices for a descrip-
tion of energy eigenstates and optical properties. Thus
the Hamiltonian has, due to symmetry requirements (the
conduction band has symmetry L 6 and the valence band
L s+ },the form

Q 7.2
z
I4

6.8

6.4
f4

where

yacc
= Ec+kt kt +k3 k3

2mom, ' 2momI'

+Dd Tre+D„'e33 Izz, (10)

6 I

1500 2000 2500

PHOTON ENERGY (cm 1)

3000 {Pik,j
cv vc IP&(k&+&k&)I

(P, (k, —ikq) )
—IPik31

FICx. 3. (a) Absorption coefficient a(ro) of PbTe QW's deter-
mined by the fit procedure for MQW samples A, B, and C. Sub-
band absorption is assumed to take place only in the PbTe wells
for photon energies below the energy gap of the Pb, „Eu„Te
barriers and buffer. (b) Corresponding refractive index n(co) ob-
tained from a(co) as described in text.

and h„„=h„with the index c replaced by v.

I AB I
=

—,'( AB +BA ).
In the above formula, Izz denotes a 2 X2 unity matrix,

E, and E„denote the CB and VB edges, e is the strain
tensor, and Dd and D„are the deformation potentials.
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The only effect of strain in the material is a shift of the
band edges. k =—iV, the indices 1,2,3 refer to a Carte-
sian coordinate system for each valley orientation with 3
denoting the main valley axis. It is related to the SI.
coordinate system (z parallel to the growth direction) by
the transformation matrix T:

k, k„

k2 =T k (12)

k3 k,

The eigenstates are obtained by the solution of the four
coupled differential equations

Hf =Ef, (13)

fb(z +D)=exp(ikD)fb(z), (14)

thus introducing a Bloch number E (or superlattice wave
vector). z denotes the direction perpendicular to the indi-

vidual layers. In the directions x,y parallel to the layers
the material parameters are constant and thus the solu-
tions to Eq. (13) are given as

fb (x,y, z) =exp(ik„x )exp(ik»y )Zb(z), (15)

where the functions Zb obey the conditions of Eq. (14).
The solutions are thus characterized by the three quan-
tum numbers (k„,k», X}. The coupled differential equa-

where f=(f/, f2,f3,f4).
In the past the question of matching conditions at the

interface between two layers of piecewise solutions for
the individual bulk layers arose much interest. This
difficulty can be avoided, however, by assuming a more
gradual continuous transition between two layers, as it
probably reflects the actual physical situation anyway,
where monolayer fluctuations are known to occur from
our scanning tunneling microscopy investigations. Then
Eq. (13) is a set of coupled differential equations with ana-
lytic coefficients and has analytic solutions. If the EFA
treatment is expected to give meaningful results, the actu-
al transition layer width which is much smaller than the
layer width must have a negligible influence on the re-
sults.

A superlattice composed of IV-VI compounds, for
which the EFA Hamiltonian as given in Eq. (9}holds, is
described by the Hermitian eigenvalue problem Eq. (13).
However, the material parameters, especially the band-
edge energies E, and E„are not constant, but position
dependent. The superlattice is periodic in D, the sum of
the individual layer thickness (D =d„+dz). This im-

plies a Bloch condition

+5880x . (16)

Recently, Karczewski et al. have reported that the
mass anisotropy of electrons and holes changes in

Pb& „Eu Te in comparison to PbTe. The EFA band-
structure calculations were performed for two sets of pa-
rameters, either using for Pb& Eu„Te the interband
momentum matrix elements P, and PI as given by
Karczewski et al. or leaving these parameters identical
to PbTe. ' For the calculation of confined states in the
PbTe wells of MQW's, the change of the interband
momentum matrix elements has only a minor influence
on these energies as long as the carrier wave functions are
sufficiently confined in PbTe and do not extend too much
into the Pb, „Eu,Te barriers. For the far-band masses

m,', m&', m,', mr' identical values were used for PbTe and

Pb& Eu„Te.
In Fig. 4, the calculated energy dispersion E (k„,k, E)

is shown for MQW sample B with a PbTe well width of
ds, =93 A, a Pb& „Eu Te barrier width of ds =554 A,
and x =3%. The dispersion is shown both for the longi-
tudinal valley [111] and for the three oblique valleys

[111] for a normalized offset of bE, /bE =0.55. The
superlattice vector E is directed along growth direction
[111]. The in-plane dispersion is shown as a function of
k„,k» for the valley [111] with k„~~[110] (solid line} and
k ~~[112] (dashed line) for K =0 and k = m/D. In con-—
trast to the bulk band structure, for the k direction in

the MQW band structure a noncrossing behavior occurs.

B. Band offsets

In order to determine the band offsets, the experimen-
tally obtained transition energies (see Table II) are com-

tions for the functions Z& in the variable z have to be
solved next. This is achieved by an expansion in 8
splines and the differential equation is transformed in a
generalized Hermitic eigenvalue problem. By a suitable
choice of node points, the dimension of the Hermitic ma-
trix can be kept quite low (typical 20 node points per lay-
er). This method also yields good eigenfunctions and
therefore allows to calculate optical properties.

In the following, we present an example for the energy
dispersion of a PbTe/Pb& „Eu„Te MQW sample using
the parameters given in Table III. For the dependence of
the energy gap on Eu content, the empirical relation of
Partin' for Pb& ~Eu, Se Te, in the modification of
Yuan et al. ' for Pb, „Eu„Tewas used:

Eg(x, T) (meV)

=190+0.51 T (K) (1—9.8x)/[T(K)+56]

TABLE III. Band parameters of bulk PbTe and Pb& „Eu„Te.

PbTe'
Pb& Eu„Te

(meV)

189.7
Eq. (16)

2Pj /mp
(eV)

6.02
8.23

P /Pt)

3.42
3.86

Alt /mp

0.060
0.060

mi /mp

0.505
0.505

mt"/mp

0.102
0.102

m) /7?l p

0.920
0.920

'References 28 and 29.
Reference 27.
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pared with those calculated on the basis of the EFA mod-
e1 assuming a wide range of band offsets from
hE, /EEs= —0.5 —1.5, i.e., including a staggered band
line up. hE, is the conduction-band offset and is positive
if the conduction band of Pb& „Eu„Te lies above that of
PbTe. hE is given by E (Pb, „Eu„Te)—Eg(PbTe), i.e.,
it is positive.

In Fig. 5, the calculated transition energies are plotted
vs the normalized offset b,E, /EE MQW sample A data
at 5 and 77 K. The full lines in Fig. 5 correspond to the
experimental transition energies. For the two other sam-
ples, the same is shown in Figs. 6 and 7 where on the
left-hand side of the 6gures the transitions within the lon-
gitudinal valley subband systems are shown and on the
right-hand side the oblique one. The different symbols
(squares, circles, triangles, and crosses) indicate different

oscillator strengths decreasing stepwise by a factor of 2
from squares, circles, triangles, and crosses. For the
lowest transition (1—1)' the variation of its transition en-

ergy with the conduction-band offset is rather small.
However, for the transitions involving carriers in the ob-
lique valleys or for the transitions between higher sub-
bands of the longitudinal valley, the transition energies
vary strongly with band offset. From the comparison
with the experimental values for all samples, we conclude
that the normalized CB offset b,E, /b, Es is 0.55+0.2. In
addition, from Fig. 5 it is concluded that the band offset
does not change with temperature at least up to 77 K.

V. OPTICAL PROPERTIES: A COMPARISON
OF EXPERIMENTAL AND EFA CALCULATED
TRANSMISSION AND REFLECTIVITY DATA
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To our knowledge, most of the transmission and
reflectivity experiments performed with MQW systems
and superlattices so far have mainly been interpreted by
assuming that the optical constants n(co) and a(r0) of the
wells and the barriers change abruptly at the interfaces
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AEc / ZE,
g
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FIG. 5. Calculated transition energies for the (i —i) ' transi-
tions as a function of the normalized band offset hE, /EEg for
MQW A for (a) T=5 K and (b) T=77 K. Symbols (squares,
circles, triangles, and crosses indicate different oscillator
strength, decreasing stepwise by a factor of 2), calculation; full
lines, experimental data.
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FICx. 6. Same as Fig. 5, but for MQW B.
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tric functions e& 's are assumed to be different for the
PbTe wells and the Pb& Eu Te barriers in the evalua-
tion of the Fabry-Perot problem via the transfer matrix
method. In the calculation, automatically the number of
periods in the MQW's enters. We used the EFA not only
to calculate the E, 's but also to calculate a(co) directly
from the EFA wave function:

4m. e 1
a(co) = , f d k 5(Ef E—; &~—}I & f I

rg I
i & I'

econ (2ir)i

-0.5 0 0.5 1 1.5 -0.5 0 0.5 I

dZ /dZg MC / AEg

1.5 hence

5e", c'=(cn /~)tz

X(f; ff)—, (17)

FIG. 7. Same as Fig. 5, but for MQW C. fdk5(Ef —E;—&~))(f lt'F. Ii & I'
co (2ir)

X(f; ff ), — (18)

and vary periodically along the growth direction with a
period determined by the well and barrier layer
widths. ' In the QW's, MQW's, and SL's, the electron-
ic intraband as well as interband transitions contribute to
n(co) and a(~). However, in narrow-gap materials the
carrier wave functions extend appreciably into the bar-
riers. In addition, also within the well, the carrier density
depends considerably on the z coordinate. Consequently,
the contributions from the electronic transitions to the
optical constants in QW's, MQW's, and SL's are not
piecewise constant in the wells and barriers. This is espe-
cially true for SL's.

As the midinfrared electromagnetic wave extends over
many PbTe wells and Pb& „Eu Te barrier layers, the
PbTe/Pb, „Eu„Te MQW's can be treated as a virtually
homogeneous material concerning the electronic contri-
bution 5e to the optical constants, i.e., absorption
occurs throughout the entire period of the multiple-
quantum-well structure. We denominate this approach
the EFA-SL model.

On the other hand, even in a recent book on QW
lasers, a lengthy discussion on the conceptional aid of
using the physical well width d~ for a description of the
absorption was presented. In the spirit of that discussion,
we renormalize the a (co) calculated from the EFA-SL
model to the well width using a~ (~)=a (co)D/dn,
and present the results too. The latter method is denom-
inated the QW model.

In the following, we present the calculated transmis-
sion and refiection using the EFA-SL model and QW-
model and compare the results with the experimental
spectra. In this context, we need the QW model in order
to compare the results on a(co} and n(co) directly with
a(co) and n(co) from the fits shown in Sec. III. The CB
offset was taken to be 0.555Eg as determined in Sec. IV.

A. Transmission and re8ectivity using the EFA-SL model

In this model, the interband absorption between the
electronic subbands of the VB and CB is assumed to
occur throughout the whole PbTe/Pbi „Eu„TeMQW's,
not only in the PbTe QW's. Only the background dielec-

where E;,Ef denote the energies of the initial state (i) and
final state (f), and f;,ff the Fermi-Dirac distribution
functions for the occupancy of the initial and final states.
We emphasize that the refractive index n in Eq. (17) can-
cels out in the expression for 5ez in Eq. (18).

In the EFA the velocity operator is given by

1 1 dH
'fi '

fi Bk
(19)

Equation (18) was evaluated numerically for the three
MQW samples by calculating their energy dispersion and
wave functions for a sufficient number of points in the
(k„k~,K} space. The k integration was performed using
the Lehmann-Taut tetraeder scheme. '

The ct(co) and n (co) used for the calculations were final-

ly obtained in the same way as described by Eqs. (5)—(8)
in Sec. III B. In Fig. 8(a), the calculated transmission for
MQW sample A is compared with the experimental spec-
trum. The calculation is based on a(co) and n (co) accord-
ing to Eqs. (18), (8), and (7), i.e., based on the EFA
analysis together with the numerical k integration over
all interband transitions between the subbands. 5ez is

the same for the PbTe well and Pb~ Eu„Te barrier lay-
ers. The overall higher refractive index for the PbTe lay-
ers in comparison to that of the Pb, „Eu Te barriers is

due to the higher background dielectric function e,
Otherwise n (co) has a similar functional dependence on
%co both for the wells and the barriers, i.e., showing the
cusplike increase at photon energies corresponding to the
various interband transitions. The difference in the abso-
lute values of n (co) between the buffer and barrier layers
results from the influence of the interband transitions
within the MQW structure, which manifest themselves

through the Kramers-Kronig transformation also in the
refractive index. Above the energy gap of the

Pb& „Eu Te layers cz increases strongly and the Kramers
Kronig related quantity n (co) shows a maximuin.

In Fig. 9, we show similar experimental data and calcu-
lations of the transmission vs photon energy for the
MQW samples B and C, which have wider PbTe well

widths. For all three MQW samples the calculated
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enhancements occur.
Despite the fact that in the transmission data, due to

the use of a multilayer stack deposited on a cleaved sub-
strate, Fabry-Perot fringes occur and thus in the
transmission data information on the reAectivity is al-
ready contained, we also measured as a check of the
analysis the refiectivity for MQW sample 13 at T=5 K
(Fig. 11, dots). Using the n (co) and a(oi) given in Fig. 10,
the corresponding reAectivity spectrum was calculated
and is shown in Fig. 11 (solid line). The transition ener-
gies of the (i i) ' tran—sitions are indicated by arrows.
Apart from photon energies close to the Pbj „Eu Te
gap, the phases of the interference fringes in the
reflectivity spectrum are well accounted for. Close to the
(1—1)' transition energy, the largest change in R (co)
occurs. The overall agreement between the calculated
data and the experiments can be considered to be satis-
factory, having in mind that no adjustable parameter has
been used.

B. Transmission calculated using the QW model

In the evaluation of the transition data in Sec. III, it
was assumed that the electrons are located in the PbTe
well layers, and thus that absorption takes place in the
wells only. The QW model is based on the same assump-
tion. Consequently, we apply the transfer matrix method
in the sense that we use a (co) according to the Eq. (17)
but normalize it to the well width, i.e., a (co)D/dii. .
Further we assume that the barrier layers do not absorb
below their energy gaps, i.e., for the barrier layers the
same n (co) and a(co) as for the buffer layer are used. This
approach is useful for a comparison of the optical con-
stants obtained from the fit to the measured spectra (Sec.
III) with the EFA calculations (Sec. VA). The such cal-
culated transmission is shown in Fig. 12 together with the
corresponding a(co) and n (co) for MQW sample A. Since
in this case the absorption is deliberately restricted to the
PbTe quantum wells, the corresponding absorption con-
stant is much larger than that shown in Fig. 8(b), and
consequently the steplike changes of a(co) are larger.

0

(1-1)
Buffer Ez &

1)o

1000 1500 2000 2500

PHOTON ENERGY (cm 1)

3000

FIG. 12. (a) Transmission vs frequency for MQW sample A,
at T =5 K. Dots, experimental data; full line, calculation using
the QW model. (b) Calculated absorption constant a(co) (full

lines) and refractive index n(a&) (dashed lines) for QW, barrier,
and buffer layers using the QW model.

Therefore the corresponding refractive index n (co) exhib-
its much larger cusps at the transition energies (i i ) '—
than those shown in Fig. 8(b). At the (1—1)' transition
energy, b,n/n is as large as 30% with respect to the re-
fractive index of the barrier layer, in comparison to 9%
in Fig. 8(b).

In Fig. 13, the results on a(co) and n(co) are summa-
rized for the three samples in order to show the systemat-
ic changes of a(co) and n(co) with the PbTe well width

dii in this model calculation. The smaller dii, the larger
the steplike increase of a(co) near the interband transi-
tions between confined states (i i)" and—the larger the
cusps in n(a&).

For a comparison of the calculated a(co) and n (co) with
those obtained from the fitting procedure described in

Sec. III, in Fig. 14 both pairs of optical constants for
MQW A are plotted. The calculated steplike increase of
a(co) is somewhat larger for frequencies at the onset of
the (1—1)' transition but smaller for the (1—1)' transi-
tion as compared with the values obtained from the
fitting procedure. However, the overall agreement is
quite reasonable. For the refractive index, the enhance-
ment of n(co) close to the (1—1)' transition which fol-
lows from the fit is somewhat larger than the one calcu-
lated from the EFA model. Apart from these small devi-
ations and slight discrepancies of the transition energies
the overall agreement between the frequency dependence
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FIG. 13. (a) Comparison of QW absorption constants a(co)
evaluated using the QW model for the three samples investigat-
ed (MQW samples A, B, and C};(b) refractive index n (c0)

FIG. 14. (a) Comparison of a(co} determined from the QW
model calculation (full line) with a(co) from the fit to the experi-
mental transmission data (dashed line) for MQW A. (b) Refrac-
tive indices n(co) determined by Kramers-Kronig transforma-
tion from corresponding a(co) shown in the upper panel.

of a(co) and n(co) derived from the fit and those derived
from the EFA-based QW model calculation is remark-
ably good.

C. Photoconductivity measurements

As a further check, photoconductivity (PC) measure-
rnents as a function of photon energy were made on all
samples, and an example is shown in Fig. 15 for MQW
sample A. The photoconductivity normalized to the
transmitted intensity is directly related to the changes in
a(co). Indeed, the PC signal shown in Fig. 15 exhibits
steplike increasing at the onsets of the (1—1)' and
(1—1)' transitions. Increasing the lattice temperature
from 5 to 77 K, the PC onsets shift in agreement with the
temperature dependence of the PbTe and Pb, „Eu Te
energy gaps. The wiggles on the plateaus of the photo-
conductivity signal result from the Fabry-Perot fringes in
the transmission signal. The slight shift of the onset of
the (1—1}'transition in the PC spectrum with respect to
the calculated a(~) results from the finite number of elec-
trons occupying the j =1' confined state in the conduc-
tion band. In contrast, for the (1—1)' transition involv-
ing the unoccupied j =1 levels in oblique va11eys, the PC
onset agrees exactly with the calculation. In agreement
with the calculated a(co}, the step in the PC signal is
much larger for the (1—1)' transition than for the
(1—1) transition, reflecting the threefold valley degen-I

cracy and the higher joint density of the states for the
transitions involving the oblique valleys.

VI. DiSCUSSION
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FIG. 15. Photoconductivity vs frequency of MQW sample A

at T=5 K (solid line) and 77 K {dashed line) and calculated
a(co) (EFA-SL model) with transitions indicated by arrows.

In the frequency range investigated, the wavelength of
the light is about an order of magnitude larger than the
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PbTe/Pb, „Eu„TeMQW periods. Indeed, the fringes in
the transmission spectrum arise mainly from multiple
reflections and interference effects in the whole multilayer
stack including the buffer of several micrometers thick-
ness and are only modified by the interference effects
within the MQW parts of the samples.

It was shown in Sec. V that the calculation of the
transmission and refiectivity spectra of these MQW sys-
tems based on the EFA wave functions and a numerical k
integration, which yields the electronic contributions to
a(co) and through Kramers-Kronig transformation also
n(co), reproduces the measured spectra on all samples
quite well, even though no adjustable parameters were
used once the band offset was fixed.

The conventional QW method used for evaluating the
absorption constant, assuming interband absorption be-
tween electronic subbands taking place only within the
wells, yields numerical values for a(co) and n(co} which
are quite different in the magnitude from those resulting
from the EFA-SL model where the MQW is treated as an
optically quasihomogeneous material. This fact follows
from the comparison of the optical constants plotted in
Figs. 10 and 13. In the conventional picture, the steplike
changes in a(co) of PbTe QW's are inversely proportional
to the well thicknesses and consequently also the cusplike
changes in n (co} of PbTe QW's which correspond to the
steps in a(co) scale inversely with the well thickness. The
thinner the well the larger the steps in a(co) and thus the
larger cusps in n(co).

In the calculation based on the EFA model and the nu-
merical k integration, the corresponding cc(co) and n(co)
of the PbTe/Pbi „Eu„Te MQW's are not related to the
well width but to the MQW period D, and both the steps
in a(co) of the PbTe/Pbi „Eu„Te MQW's and the cusps
in n (co) of PbTe layers are comparable in their magnitude
for all three samples. It should be noticed that in spite of
this discrepancy in cr(co) and n(co), both models yield
nearly the same calculated transmission spectra. The
crucial point is the following: in the QW model with a
strictly two-dimensional joint density of states, the elec-
tronic contributions 5e change abruptly at the inter-
faces, whereas in the EFA-SL model these contributions
are constant throughout the entire MQW stack.

It is obvious that for a staggered band alignment, and
even more so for type-II alignment, the calculation of
a(co) and n(co) according to the QW model is not ap-
propriate at all, since the wave-function amplitudes of
conduction and valence bands involved in the interband
transitions are spatially separated along growth direction.
In this case only the EFA-SI. model can be used.

The conceptional problem with the description of ab-
sorption in a QW arises from the fact that in two dimen-
sions the definition of an absorption coefficient in units of
an inverse length is inappropriate. For a strict 2D sheet,

there can be a finite absorption, despite the fact that the
thickness along the propagating direction of the elec-
tromagnetic radiation is zero. In order to obtain an ab-
sorption coefficient (in units of an inverse length), the
quantity describing the QW absorption has to be divided
by a characteristic length for which conventionally the
QW thickness de is used. In contrast, the EFA-SL-
model, which yields cc(co) due to the electric interband
transitions based on the numerical k integration over the
initial and final states and the appropriate envelope wave
functions, gives a realistic description of the absorption
problems in MQW systems.

VII. CONCLUSION

The frequency dependence of the absorption constants
and of the refractive index was investigated experimental-
ly and theoretically in the range of interband transitions
between confined states in the valence and conduction
band of PbTe/Pb, „Eu„Te MQW's. Since this material
combination is actually in use for the fabrication of
eScient mid infrared diode lasers, information on their
optical properties is necessary for a proper design of such
lasers. The CB offset of the PbTe/Pbi „Eu„Te (x (5%)
heterostructures was determined to be (0.55+0.2}b,E
and was used in the EFA calculations of electronic and
optical properties of the PbTe/Pb, „Eu„TeMQW's.

Two approaches are described for the analysis of
transmission and reflectivity spectra multilayered semi-
conductor structures. The EFA-SL model calculation,
which is based on a consistent envelope function approxi-
mation, yields transmission and reflectivity data in good
agreement with the experimental data without using any
adjustable parameters once the band offset is fixed. The
EFA model yields the SL band structure not only at k=O
but also at finite k (k„k,E) values. The optical con-
stants are obtained from the knowledge of the electronic
properties at finite k values, and a(co) is obtained from a
numerical k integration over interband transitions using
the envelope wave functions which are normalized to the
superlattice period D. Thus the electronic interband con-
tributions to the imaginary part of the dielectric function
are not separated into contributions originating from
transitions within either the well or the barrier layers.
According to these calculations, n(co) exhibits cusplike
enhancements close to the interband transition energies
between electric subband.
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