
PHYSICAL REVIEW B VOLUME 50, NUMBER 8 15 AUGUST 1994-II

Optical properties of PbSe/Pbi Mn„Se multiple-quantum-well structures

Shu Yuan, Norbert Frank, and Gunther Bauer
Institut fur Halbleiterphysik, Johannes Kepler Uniuersitiit Iinz, A 40-401inz, Austria

Michael Kriechbaum
Institut fu rT'heoretisehe Physik der Uniuersitat Graz, A 8010-Graz, Austria

{Received 17 February 1994}

The electronic structure and optical properties of narrow-gap PbSe/Pb l Mn„Se quantum-well struc-
tures are investigated experimentally and theoretically. The samples were grown by molecular-beam epi-
taxy along the (111)growth direction and were characterized by high-resolution x-ray diffraction, using
triple-axis diffractometry. Their optical properties were investigated by transmission and photoconduc-
tivity experiments in the midinfrared range using Fourier-transform spectroscopy. The experimental
data show that PbSe/Pb& „Mn„Se has a staggered band lineup which is in agreement with recent data
on coherent anti-Stokes Raman-scattering experiments (Geist et al. ), from which it was concluded that
holes are confined in the PbSe and electrons in the Pb&, Mn„Se layers. The experimental absorption
data are compared with calculated data based on a k.p envelope-function approach for the type-II su-

perlattice band structure which yields the energy eigenstates, eigenfunctions, and oscillator strengths.
The absorption constant is obtained from an integration over k space, and the refractive index from a
Kramers-Kronig transformation. The calculated fundamental absorption coe5cients are in good agree-
ment with the experimental data. Agreement between experimental and theoretical results is best for a
normalized conduction-band-offset range of hE, /AEg = —0.4 to —0.6 (+0.2).

I. INTRODUCTION

PbSe-based multiple-quantum-well (MQW) structures
such as PbSe/Pb, „Eu,Se or PbSe/Pbi Sr„Se are of
interest for the fabrication of tunable diode lasers' in
the midinfrared range. Recently, a lasing operation at
quite high lattice temperatures has been reported. ' It
was shown that the partial substitution of Pb by the
transition-metal manganese increases the energy gap in
the ternary compound Pb& Mn„Se substantially as
compared to PbSe. Furthermore, this substitution of
the group-IV element by a paramagnetic ion offers the
possibility for studying exchange interactions between lo-
calized 3d electrons of the Mn ions and the mobile car-
riers in the conduction or valence bands. The band pa-
rameters of PbSe (Ref. 7) and of Pb, „Mn„Se (x & 3%),
which are many valley semiconductors with a direct gap
at the i. points of the Brillouin zone (BZ), were obtained
from cyclotron resonance, interband magneto-optics,
and coherent anti-Stokes Raman-scattering (CARS) ex-
periments. Quite recently, information on the band
offsets in PbSe/Pb, „Mn„Se (x &3%) MQW's was ob-
tained from measurements of the g factors by using
CARS. Because of the strong inAuence of the exchange
interaction on the value of the g factors, this method is
quite useful for getting information on which one of the
PbSe or Pb& Mn„Se layers actually confines either the
electrons or the holes. From the values of the g factors
and their temperature and magnetic-field dependence, it
turned out that, in such MQS's, the holes are confined in
the PbSe layers, whereas the electrons are confined in the
Pb& Mn Se layers. This fact demonstrates a staggered
band lineup, with the valence-band edge of PbSe lying

above that of Pb, „Mn Se.
In this paper, we present a study on the optical proper-

ties of PbSe/Pb, „Mn„Se MQW's with PbSe widths
ranging from 42 to 185 A and Mn contents from 0.8 to
1.6%. In Sec. II, the molecular-beam epitaxy (MBE)
growth of the samples is described as well as their
structural characterization using high-resolution x-ray
diffraction and reciprocal space mapping. In Sec. III, re-
sults of the theoretical superlattice (SL) band-structure
calculations are presented using a standard k p Hamil-
tonian for the lead salt compounds, involving an
envelope-function approximation (EFA). ' The band pa-
rameters of PbSe and Pb& „Mn Se are used as input pa-
rameters. Results obtained by the EFA theory for the su-

perlattice states at the center and at the edges of the su-

perlattice (mini) Brillouin zones are shown as a function
of the band offset.

For a fixed band offset, the EFA theory is used to cal-
culate dispersion and wave functions throughout the su-

perlattice BZ, for states belonging either to the longitudi-
nal or oblique valleys. In Sec. IV, the optical properties
(absorption constant and refractive index) are calculated
in the region of the fundamental absorption. These data
are compared with photoconductivity spectra and are
further used for a calculation of the transmission based
on the transfer-matrix method. The calculated spectra
are compared with experimental transmission spectra ob-
tained by Fourier-transform spectroscopy. The peculiari-
ties of the staggered type-II band lineup, i.e., a spatially
indirect superlattice, in comparison to a type-I band line-

up, manifest themselves most drastically in the frequency
dependence of the photoconductivity spectra for energies
above the PbSe gap.
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II. MOLECULAR-BEAM EPITAXY
OF PbTe/Pb| Mn Se MQW's

The molecular-beam epitaxy growth was carried out in
an MBE system and the details of the setup can be found
in Ref. 11. For PbSe growth two different effusion cells
have to be used. The first cell is filled with the PbSe com-
pound, whereas the second cell contains Se for adjusting
the stoichiometry of the growing film. For the growth of
Pb& „Mn„Se a manganese effusion cell is additionally
used to adjust the composition of the ternary compound.

Prior to the MQW growth of the quantum-well stack, a
comparatively thick Pb, Mn„Se buffer layer of a few

pm and with x =1.6% was grown on freshly cleaved
(111)BaF2 substrates at substrate temperatures of 350'C.
The x content in the Pb& Mn„Se barrier layers is the
same as in the buffer layer for samples A and 8, whereas
it is only 0.8% for sample C. Therefore, the
Pb, „Mn„Se buffer layer is transparent in the spectral
range of interest. The thickness of the buffer layer was
chosen to be large enough to ensure a nearly complete
strain relaxation of the epilayer in spite of the lattice
mismatch of 1.32% for the Pb, „Mn„Se (x =1.6%)
buffer layer with respect to the BaF2 substrate. The lat-
tice mismatch between the PbSe layers and the
Pb, „Mn„Se layers is only 0.15% for the small x content
of 1.6% [apb M„s, (A)=6. 127—0.00580x, Ref. 12].
With such a small mismatch, the thicknesses of the PbSe
layers (for all samples d&(200 A) are well below the
critical layer thickness for this heterosystem. Therefore,
the PbSe layers are fully tensile strained with respect to
the Pb, „Mn„Sebuffer and the layers in the MQW's.

In the following, experimental investigations of the
three different MQW samples (see Table I) are described.
The structural perfection of the buffer layers was checked
in a high-resolution triple-axis x-ray diffractometer, hav-
ing a channel cut two-reflection Ge(220) analyzer crystal
in the secondary beam. Because of the small separation
between the zeroth order superlattice and the buffer layer
peaks, b,co=63 arcsec along the co axis, both high resolu-
tion co-28 scans, as well as isointensity contour plots (i.e.,
reciprocal space maps'3) of symmetric Bragg reflections
had to be recorded for a detailed analysis of the samples.
A typical full width at half maximum (FWHM) of about
40 arcsec for the 3 pm Pb& „Mn Se buffer layers was ob-
served in ~-28 diffraction curves, and can be compared
with the FWHM's of a 3 pm thick PbSe buffer layer (15
arsec) or the BaF2 substrate (12 arsec). In order to deter-
mine the exact SL periods D and the thicknesses of the
PbSe quantum wells, which are of crucial importance for
the determination of the band offsets (see below), these
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FIG. 1. High-resolution co—28 x-ray diffraction pattern of
sample MQW 8, {222) Bragg reflection, Cu K, radiation,
which shows reflections from the BaF2 substrate, the
Pb& „Mn Se buffer, and PbSe/Pb& „Mn„Se superlattice peaks
as indicated.

difFraction experiments were performed on all MQW
samples. As a representative example, we show the co-28
scan (Fig. 1) and the reciprocal space map around the
(222) Bragg reflection (Fig. 2) for MQW sample B.

In Fig. 1, in the co-28 scan the zeroth order peak of the
MQW stack can be clearly distinguished from the (222)
Bragg peak of the Pb, „Mn„Se buffer layer, and the first
and second order superlattice satellite peaks are observed
as well. The superlattice period of the MQW stack was
calculated from the spacing of the satellite peaks found in
the co-28 scans. By analyzing the x-ray contour plots of
sample 8 (Fig. 2), the influences of lattice parameter devi-
ations can be distinguished (e.g., strain gradients detected
along the co-28 axis) from that of mosaicity (detected
along the co axis), which contribute to the total FWHM
observed in a rocking curve. The very broad peaks
(FWHM ) 300 arsec) usually found in the rocking
curves of PbSe/Pb, „Mn„Se MQW samples result from
a superposition of the intensities of the buffer layer and
the zeroth order MQW peaks, and are mainly determined
by the broadening due to mosaicity in the ternary IV-VI
compound layers. " Measuring the symmetric (222)
Bragg reflection at the same lateral position of a sample,
but in difFerent azimuths by rotating the sample around
the surface normal leads to identical isointensity contour
plots for both the BaF2 substrate and the layer peaks,
which proves that the orientation and the size of the mo-
saic blocks are isotropic. Consequently, the FWHM
along the co axis is not influenced by a curvature of the
sample, which follows from the fact that the FWHM of
the substrate peak is significantly smaller in the same

TABLE I. Sample parameters for the PbSe/Pb, „Mn„Se MQW's.

Sample
index

B
C

Pbf Mn„Se
buffer (pm)

3.01
2.91
3.34

x-content
buffer (%)

1.5
1.6
1.6

PbSe
(A)

180
42

185

Pb& „Mn„Se
(A)

269
253
277

x content
(%)

1.5
1.6
0.8

Number of
periods

30
30
30
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FIG. 2. Reciprocal map around the (222)
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direction. The Mn content in the Pb&, Mn„Se layers is
calculated from the energy gap determined by tempera-
ture modulated transmission and photoconductivity mea-
surements (see below) using the relationship between Mn
content and the energy gap of Pb, Mn„Se given in Ref.
6.

Temperature-dependent Hall measurements were per-
formed on representative MQW samples. Because of the
parallel conduction in the Pb& „Mn, Se barriers and the
bu(fer layer, the Hall measurements are di(I)cult to inter-
pret. However, the low-temperature mobility of
Pb& „Mn„Se decreases dramatically with increasing Mn
content, similar to all ternary IV-VI compounds. ' In
thick single layer reference samples we get a Hall mobili-
ty of about p, =400.000 cm /V s for the electrons in bulk-
like PbSe epilayers at T =20 K, and an about a factor of
8 smaller value of @=50.000 cm /Vs for Pb& „Mn„Se
(x =Z%%uo). In both cases the carrier concentration is of
the order of n =5 X 10' cm

The structural parameters of the MQW samples A, B,
and C which were used for further optical investigations
are listed in Table I, as obtained from the characteriza-
tion procedures described above.

III. ELECTRONIC PROPERTIES AND BAND OFFSETS
OF PbSe/Pb& „Mn„Se STRUCTURES

From our recent magneto-optical investigations on
Pb& Mn„Se epitaxial layers it is known that the band
structure of Pb&, Mn„Se is similar to that of PbSe. Up
to about 3% Mn content, the energy gap of Pb, „Mn„Se
increases with x according to E (Pb, „Mn„Se)=146
meV + 3800 x (meV) at 4.2 K. It turns out that such a
calibration of the x content with the energy gap is not in
quantitative agreement with the variation of the lattice
constant in Pb& Mn„Se as given by Koguchi,
Takahashi, and Kiyosawa. '

The superlattice band structure in the vicinity of the
band extrema at the L points of the BZ is calculated ac-
cording to the procedure outlined by Kriechbaum
et al. ' and Yuan et al. ' In the following, we present as
an example in Fig. 3 the energy dispersion of the MQW
sample B with 42 A wide PbSe (E = 146 mev) layers and
2S3 A wide Pb, „Mn„Se layers (Es =206 meV). The
band parameters for the interband momentum matrix ele-
ments are those listed by Hofmann et al. s For the far
band masses the values for PbSe were taken for both the
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FIG. 3. Energy-momentum relationship calculated by the EFA model for PbSe/Pb, Mn„Se for a normalized CB onset
hE, /bEs = —0.4 for MQW B: longitudinal (111)valley (left-hand side) and oblique (111)valley (right-hand side) calculated from
EFA. The dispersion along the superlattice growth direction (between I( =0 and E =~/D} is shown, as we11 as the dispersion as a
function of k (([110]and k~(([112] (full lines and dashed lines, respectively). The origin of the energy scale is taken to be in the
center of the material with the smaller energy gap, i.e., in the middle of the PbSe gap.
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binary and the ternary compounds. For the calculation
a normalized conduction-band offset hE, /bE = —0.4
was assumed, where hE, denotes the difference of the
conduction-band levels of Pb, Mn„Se and PbSe and
hE the difFerence of the respective energy gaps. Thus
for the value of hE, /b, E = —0.4 the conduction-band
level of the ternary compound Pb, „Mn„Se lies below

that of the binary PbSe. The energy dispersion is shown
for both the longitudinal valley [111]and the three ob-

lique valleys (111). The in-plane dispersion is shown as
a function of k„and k» with k, ~~[1TO] (solid line) and

k„(~[112] (dashed line) for K =0 and K =n/D, i.e., for
the center and the edge of the mini BZ. Actually, due to
the small effective masses, there is an appreciable disper-
sion in the energy momentum relationship along the
[111](z-)growth direction which is more pronounced for
the oblique valleys due to the lighter masses involved in

comparison to the longitudinal valleys. Thus the nota-
tion "MQW" does not mean that the carriers are
confined for all levels in wells. In Fig. 3, the zero of the
vertical energy scale is taken in the middle of the energy

gap of PbSe.
In order to get some understanding of interband opti-

0.06

0.04—

0.02—

cal transitions in such a spatially indirect superlattice, it
is quite useful to calculate carrier wave functions associ-
ated with several conduction and valence energy eigen-
states both at K =0 and K =m. /D. In Fig. 4, such calcu-
lations for the square of the carrier wave function ~%~

are shown for MQW sample B for the following sequence
of levels: lowest part: valence band (VB), i =1 level, con-
duction band (CB) i =1,2, and 3 levels. According to
this figure, there is a finite overlap of the wave functions
of the i =1 subband in the valence band with the i =1
and 3 subbands of the conduction band, i.e., allowed tran-
sitions are expected whereas the transitions between the
i =1 VB level and the i =2 CB level are practically for-
bidden at K =0, i.e., at the center of the mini BZ. This
follows from Fig. 4(b) where the overlap of valence- [Fig.
4(d)] and conduction-band wave function nearly vanishes.
It should be noticed that each level is twofold degenerate.

Based on the EFA model, the transition energies of al-
lowed transitions were calculated as a function of the
conduction-band offset in the range from EE, /b, Es = —1

to 0. These data are shown for sample MQW B in Fig. 5.
Since it is quite evident that electrons and holes are
confined in the Pbi, Mn„Se and PbSe layers, respective-
ly, from the previous CARS data, s this range of offsets is
sufficient for further analysis of the experimental absorp-
tion and photoconductivity data. The strongest inter-
band transitions are shown for K =0 and for K =n /D in-
volving energy states in the longitudinal and oblique val-
leys. Due to the complicated superlattice band structure
and the finite miniband width, transitions at the edge of
the mini BZ turn out to be equally important as those at
the center. In a type-I band alignment the strongest in-
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CB, i =3. The dashed lines show the lowest energy states of the
minibands, the full lines the band edge profiles.

FIG. 5. Strong interband transitions as a function of the nor-
malized CB ofFset calculated by the EFA method at the SL's
miniband centers (K =0) and edges (K =~/D). The transitions
involving electrons in the longitudinal valleys are indicated by
letters "a" (V1~C2,K =m./D), "b" ( V1~C4,K =m. /D), "c"
(V1—+Cl,K =0), and "d" (V1—+C3,K =0), and in the oblique
valleys by "e" (V1~C2,K=n/D) and "f" (VI~CI,K =0).
The straight solid line in the middle of the graph indicates the
strongest transition observed in the experiments for MQW sam-

ple B.
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terband transitions are those with bi.=0 (in a rectangular
modulated quantum-well structure), where i denotes the
subband index. In the staggered band structure, transi-
tions for which b,i%0 turn out to be equally important as
demonstrated by Fig. 5. Furthermore, it is important to
remember that the oblique valleys have a threefold valley
degeneracy which enters the calculation for the absorp-
tion coefficient.

IV. OPTICAL PROPERTIES: TRANSMISSION
AND PHOTOCONDUCTIVITY
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It is well known that, in staggered type-II superlattice,

the absorption coeScient increases with photon energy
rather smoothly, whereas, in type-I superlattices, it
reflects the steplike shape of the joint density of states.
Therefore, transitions between distinct energy levels of
the valence and conduction bands are much more dificult
to observe and to assign in samples with a staggered band
lineup. Consequently, we did not use only transmission,
but also photoconductivity experiments to get informa-
tion on the onset of absorption as well as any changes due
to higher transitions. In addition, to increase the sensi-
tivity of transmission experiments with respect to inter-
band transitions, the transmission of the MQW samples
was recorded at T =5 K and afterwards at T =21 K. By
normalizing their difference to the transmission at 5 K
(b, T/T), the onset of interband absorption and changes
due to further strong interband transitions could be de-
duced from the experiments.

In Fig. 6, upper half, typical results of both the photo-
conductivity spectrum and the hT/T spectrum are
shown for MQW B. The corresponding transmission
spectrum is shown in Fig. 7. The interference fringes in
the transmission result from the change of refractive in-
dex at the semiconductor layer-substrate and the semi-
conductor layer-vacuum interface. The transmission
maximum at about 1300 cm ', i.e., above the PbSe ener-

gy gap is much higher than that at about 1520 cm
which coincides with the (1—1) transition and is conse-
quently smaller in amplitude due to the finite absorption.
The energy gap of the buffer layer Pb, „Mn„Se, which
has the same x content as the ternary layers in the MQW
structure, is shown as well. The buffer causes the strong
decrease in transmission beyond 1700 cm

The photoconductivity and transmission data are ana-
lyzed using a model that was described recently by
us. ' ' ' The EFA model is not only used to calculate
the energy eigenstates and wave functions, but also to cal-
culate directly the frequency dependence of the absorp-
tion coefficient a(co), by an integration in k (k„,k, EC,

space over the possible interband transitions. This a(co)
is thus related to the imaginary part 6cz of the dielec-
tric function by' '
6s2 =(cn/co)a

3 Jd k5(E/ E; —hco)—

where E, and EI denote the energies of the initial state (i)
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up. Note the absence of steplike features in comparison to the

PbTe/Pb, „Eu„Te MQW's (see Fig. 8) due to type-II behavior.
Lower panel: Calculated absorption coefBcients (solid lines) and
refractive indices (dashed lines) of the bu6'er layer and for the

MQW (sample B). A normalized CB offset of —0.4 was used in

the calculation. Arrows indicate various transitions at K=0
and K =a/D (see Fig. 5 for the definition of the letters "a,"
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quantum-well structure identified by the temperature modulated
transmission and photoconductivity measurements (see Fig. 6).
"o"stands for oblique valleys.
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and final state (f}and f;, ff denote the Fermi-Dirac dis-
tribution functions for the occupancy of the initial and
final states. We emphasize that the refractive index n

cancels out in the expression for 5sz c in Eq. (1). In the
derivation of Eq. (1) it was assumed that the superlattice
is optically homogeneous. This is a reasonable approxi-
mation in view of the fact that the wavelength of the radi-
ation is much larger than the PbSe and/or Pbi „Mn„Se
layer widths.

In the EFA the velocity operator is given by

1 1 dHr= [r—,H. ]=ih
'

h Bk
(2)

Equation (1} was evaluated numerically for the three
MQW samples by calculating their energy dispersion and
wave functions for a sufficient number of points in

(k„,k, K) space.
From this imaginary part, the real part 5s, c is

determined by a Kramers-Kronig transformation:

5svB-cB P g~ ~ 5svB-cB( ) /( 2 2)
00

o
2 (3)

tot tot ~ tot

—(EBG+5 VB-CB)+ ( BG+5 VB-CB)

are used in the following. Similar to our previous work
on PbTe and Pb, Eu Te epilayers, ' in the range from
1000 to 2000 cm ' we neglect cz and treat c, as a
quadratic function of photon energy to account for the
contribution of any absorptions at critical points other
than that at the fundamental absorption. e, (co} was
determined from Sts to the experimental transmission
spectra of PbSe and Pb, „Mn„Se (x =1.3%) epilayers.
We found that in the range from 1000 to 2000 cm ', the
expression

The upper limit, i.e., infinity, is replaced with co„ the
cutoff frequency in the integration of the Kramers-
Kronig transformation. The cutoff frequency co, is

chosen such that the line shape of 5s, B in the photon
energy range from 1000 to 2000 cm ', which is due to
the transitions at the fundainental L6+ to L6 gap, no
longer changes with increasing cutoff frequency. It
turned out that this cutoff frequency is approximately the
frequency corresponding to E +3000 cm '. Any cutoff
frequency beyond this value does not affect the shape of
5s, in the frequency range from 1000 to 2000 cm
However, the magnitude of 5s, in this frequency
range still increases with increasing cutoff frequency.
The total dielectric function e"' from which the total ab-
sorption coefficient and refractive index are obtained, re-
quires the knowledge of the background dielectric func-
tion c. , which is obtained from measurements on PbSe
and Pb& „Mn„Se epitaxial layers.

The expressions

=24+1.5X10 (hco) /(cm '}

holds for PbSe and

saiG=19. 5+7.7X10 (he@) /(cm ')

for Pbi „Mn„Se with x = 1.3%. Extrapolated
values were used for the Pb& Mn„Se layers of the
PbSe/Pbi „Mn„Se quantum-well samples with other x
values. Since ei excludes the contribution from the fun-

damental absorption at the minimum gap, it is not identi-
cal to the high-frequency dielectric constant s„. Optical
properties of PbSe were also studied recent1y by Her-
mann and co-workers. '

As shown in Fig. 4, the contributions from the inter-
band electronic transitions to the optical constants ex-
tend throughout the entire PbSe/Pb, „Mn„Se structure.
Actually, in the EFA calculation, the contribution from
the interband transitions 5ez is the same and thus
also 5s, is the same for the PbSe and Pb, „Mn„Se
layers, whereas the background contributions c, are
different, as mentioned above.

For the calculation of the transmission of the superlat-
tice as a function of frequency, the transfer-matrix
method was employed. For the calculation of the opti-
cal properties of the PbSe/Pbi „Mn„Se structures, the
effective medium approach was used. This is fully
justified for normal incidence of the electromagnetic radi-
ation and keeping in mind that the iuauelength in the fre-
quency range from 1300 to 1800 cm ' is larger by a fac-
tor of about 30 than the superlattice period for a refrac-
tive index of approximately 5. Treating the SL as an
effective medium, the total dielectric function is averaged
over one SL period according to:

tot(SL's)
E)

tot(PbSe) 1
tot(Pb

&
„Mn„Se)

~Pbse ~1 ~+Pb
&

Mn„Se ~1

d Pbse +d Pb& „Mn„Se

(5)

this spirit, for the calculation of the transmission, the
transfer-matrix method was used for the sequence of lay-

z Mnz Se
PbSe/Pb, „Mn„Se SL structure. Thus the SL structure
was treated as an optically homogeneous medium with
the total thickness XD, where N denotes the number of
SL periods.

In Fig. 6, in the lower half, a(co) and n (c0) for the SL
layers of the MQW sample 8 are shown together with the
corresponding data for the Pb, Mn Se buffer layer.
The absorption constant refiects the various interband
transitions shown in Fig. 5 and marked by the letters
a f. The strongest o—ne, f, is due to the (1—1)' transi-
tion at K' =0. It is also reflected in a cusp in the n (co) re-
lationship. We notice, that the photoconductivity signal,
as shown in the upper part of Fig. 6 reflects very well the
dependence of a on co. The oscillator strength of the
transition (1—2)' at K =n./D (denoted by letter a in Figs.
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FIG. 8. Photoconductivity spectrum (solid line) and EFA
calculated absorption coefficient (dashed line) for a 118 A/486
A PbTe/Pb& Eu„Te MQW sample (type Il. The steplike line
shape clearly seen here is not observed for the
PbSe/Pbl „Mn Se samples (type II), both experimentally and
theoretically. The fringes in the photoconductivity spectrum
are due to Fabry-Perot oscillations.

5 and 6) is similar to that of the transition f. Their rela-
tive values are 7X10' (arbitrary units) and 6X10' (arbi-
trary units), respectively. However, due to the threefold
degeneracy of the oblique valleys, f is much stronger
than a. The oscillator strengths of transition c, (1—1) at
K =0, and transition d, (1—3)' at E =0, are smaller by a
factor of 6( =3X2) than that of f, so they are very weak.
The oscillator strength of transition e, (1—2)' at
I(.
' =n /D, is smaller than that of f, but the transition en-

ergy is close to the energy gap of the Pb1 „Mn„Se buffer.
Therefore, this transition is hard to distinguish from the
tail of the absorption of the thick buffer layer in the ex-
periments. By using the calculated optical constants
a(o)} and n(to} for the SL and those measured for the
Pb1 „Mn„Se buffer layer and the BaF2 substrate, the cal-
culated transmission data of Fig. 7 were obtained without
any fit parameter. The main cause of the interference
fringes in the transmission spectrum are the changes of
the refractive index at the BaF2/semiconductor layer in-

terface and the layer-vacuum interface. The envelope of
the fringes refiects the frequency dependence of a(o)) in
the SL structure and in the Pb, „Mn„Se buff'er.

The photoconductivity spectrum shown in Fig. 6 is
quite representative of the other samples as well, apart
from changes in the onset frequency due to the different
layer thicknesses of samples A and C. The photoconduc-
tivity spectra for a type-I superlattice of another com-
bination of IV-VI compounds with a similar bulk band
structure (PbTe/Pb, „Eu„Te MQW sample, x =2.4%,
118-A PbTe well width, 486-A barrier width, 30 periods)
is qualitatively diferent It refiec.ts in its frequency depen-
dence the steplike changes in the density of states [as
shown here for (1—1)', (2 —2)', (3—3)', and (1 —1)' tran-
sitions]. The photoconductivity response follows very
well the frequency dependence of the absorption constant
which was calculated for this PbTe/Pb, ,Eu, Te MQW
sample from a similar EFA approach.

The comparison between Figs. 6 and 8 demonstrates

quite clearly the consequences of the type-II band align-
ment for the photoconductivity spectrum which is in
strong contrast to that for a type-I band alignment.

V. BAND OFFSETS

For the three samples listed in Table I, photoconduc-
tivity spectra, transmission spectra, and b, T/T spectra
were taken and analyzed with the calculated absorption
coefBcients as outlined above. A comparison of the inter-
band transition energies deduced from the experiments
with the strongest calculated transitions is shown in Fig.
9, in the latter case as a function of normalized
conduction-band offset. The overall agreement between
experiment and calculation is best for an offset of
b,E, /hE of about —0.4 to —0.6 (+0.2). Thus the ab-
sorption and photoconductivity data are in agreement
with the previous CARS experiments, i.e., the holes are
confined to PbSe layers whereas the electrons are
confined to the Pb, „Mn„Se layers in the
PbSe/Pb, „Mn„Se SL structures.

The MQW samples A, 8, and C cover the range of Mn
contents from 0.8%%uo to 1.6%, i.e., the manganese content
varies by a factor of 2. By close inspection of Fig. 9 one
may suspect that the normalized conduction-band offset
b,E, /b, Es is not constant but varies somewhat with Mn
content from —0.6 for sample C (0.8%%uo) to —0.4 for sam-
ples A and 8 (1.5%%uo and 1.6%). Such a dependence of the
offset on Mn composition is not a priori improbable. On
the contrary, e.g., the variation of the band off'set with In
content is well documented for the MQW system
GaAs/Ga, „In„As where in the range from x =0.05 to
x =0. 15 the conduction-band ofFset changes from 0.4 to
0.8.2 7 For the case of PbSe/Pb& „Mn„Se, as for
GaAs/Ga, „In„As, investigations on a large number of
samples with different Mn contents would be necessary in
order to deduce quantitatively the dependence of the
conduction-band offset on the Mn content. The different
Mn content in the Pb1 „Mn„Se layers
of samples A, 8, and C induces a different strain
status, too. However, the optical properties of the
PbSe/Pb, „Mn„Se MQW's were studied at T =5 K and
thus the additional biaxial tensile strain due to the
thermal mismatch between the BaFz substrate and the
IV-VI compound layers dominates completely the one
due to lattice constant mismatch, ' and thus with respect
to the strain status, the MQW samples A, 8, and C are
nearly identical. The strain-induced splittings of the I.
conduction- and valence-band states amount only to a
small fraction of the band ofFsets and is well below the ex-
perimental uncertainty of the determination of
AE, /AE .

VI. CONCLUSION

Optical properties of PbSe/Pb, „Mn„Se MQW and
SL structures were investigated by rnidinfrared transmis-
sion and by photoconductivity measurements. The stag-
gered band lineup in this system leads to a rather
moderate increase of the absorption constant with fre-
quency, in the range of interband transitions between
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FIG. 9. Comparison of the experimentally
determined interband transition energies
(straight solid lines) with those (markers) of
EFA calculation as a function of the normal-
ized CB offset hE, /EEg for sample A (a), 8
(b), and C (c). Symbols o, 6, +, and X
denote different transition probabilities de-
creasing stepwise by a factor of 2.

confined levels, or minibands of the valence and conduc-
tion band. This behavior is in contrast to that found in
PbTejPb, „Eu„Te MQW's which have a type-I band
alignment and show a steplike increase of a(co).
Envelope-function approximation calculations were used
to calculate the energy eigenstates, the corresponding
carrier wave functions and the oscillator strengths of the
interband transitions. From an integration in k space
also the absorption constant is determined which is used
further to obtain the contribution of the VB-CB transi-
tions, at the fundamental gap, to the real part of the
dielectric constant, by performing the proper Kramers-
Kronig transformation. In samples with finite miniband
width, it turns out that a(co) is, as expected, determined
by transitions at both K =0 and Ir: =@ID, i.e., at the
center and at the edges of the mini Brillouin zone. The
staggered band structure leads also to an appreciable os-
cillator strength for transitions between valence- and
conduction-band states with different subband index, i.e.,
b,i%0 From t.he calculated a(co) and n (co), the frequen-
cy dependence of the transmission was calculated and
compared with experimental data. For this calculation,
an effective medium approach was used, i.e., the dielec-

tric function of the superlattice is obtained from a
weighted mean average of the PbSe and Pb, „Mn Se
dielectric functions. The contribution of the interband
transitions of the valence electrons 5sz CB was calculated
by EFA. The effective medium approach is well justified,
since in the frequency range of interest close to the funda-
mental interband transition energies, the wavelength of
the electromagnetic radiation is about a factor of 30
larger than the superlattice period D. Using the known
band parameters of PbSe and Pb, „Mn„Se and the
structural parameters of the SL samples, the calculated
transmission spectra agree very well with the experimen-
tal ones, without using any adjustable parameters.
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