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Band structure and its temperature dependence for type-III HgTeÕHg1ÀxCdxTe superlattices
and their semimetal constituent

C. R. Becker,* V. Latussek, A. Pfeuffer-Jeschke, G. Landwehr, and L. W. Molenkamp
Physikalisches Institut der Universita¨t Würzburg, Am Hubland, 97074 Wu¨rzburg, Germany

~Received 15 March 2000!

Intersubband transitions in HgTe/Hg12xCdxTe superlattices and their dependence on temperature have been
investigated for a large number of superlattices with widely different parameters. It has been shown by means
of the envelope function approximation using the full 838 Kane Hamiltonian, that the valence band offset is
primarily responsible for the separation between theH1-E1 andL1-E1 intersubband transition energies of
semiconducting HgTe/Hg12xCdxTe superlattices with a normal band structure. To a good approximation, all
other relevant superlattice parameters have little or no effect on this energy difference. This leads to an
unequivocal determination of the valence band offset between HgTe and CdTeL which is 570660 meV at 5
K for both the~001! and the (112)B orientations. The temperature dependence of both intersubband transition
energies can only be explained by the following conditions:L is also temperature dependent as expressed by
dL/dT520.4060.04 meV/K; the anisotropic heavy hole effective mass has a significant temperature depen-
dence; andEg(HgTe,300 K)5216065 meV which is appreciably lower than the extrapolated values found in
the literature.
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I. INTRODUCTION

The band structure of type-III superlattices~SL’s! and
their related properties are largely determined by that of
quantum well. Conversely, an investigation of the opti
and electrical properties of type-III superlattices can lead
information about the zero gap or semimetallic material u
in the quantum well. Hence one has the unique opportu
to investigate properties of the semimetal which cannot e
ily be investigated by other methods.

For example, the band gap of HgTe and its tempera
dependence directly influences the temperature depend
of the superlattice subbands and thus the temperature de
dence of the intersubband transition energies. The magni
of the negative band gap of HgTe at room temperature
subject to large experimental uncertainties due to difficul
in the conventional magneto-optical method at temperatu
above 100 K.1 Another such property is the deformation p
tential of HgTe relative to that of CdTe, which has on
recently been experimentally determined by means of an
tical absorption investigation of HgTe/Hg0.32Cd0.68Te super-
lattices under hydrostatic pressure.2 Furthermore, it will be
shown that the valence-band offset is to a good approxi
tion primarily responsible for the energy difference betwe
the first heavy-holeH1 and the first light-holeL1 subband of
a HgTe/Hg12xCdxTe superlattice with normal band stru
ture. This energy difference is nearly independent of ot
superlattice parameters, and consequently leads to a pr
determination of the valence-band offset between HgTe
CdTeL.

The band structure and consequently the optical pro
ties depend on the band structure of the quantum wells
barriers, i.e., HgTe and Hg12xCdxTe, their widths, and the
potential energy differences between these two compone
The latter depends in turn on their composition, the valen
band offset as well as the shape and width of the Cd con
PRB 620163-1829/2000/62~15!/10353~11!/$15.00
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tration profile across the interfaces. A profile described by
error function similar to an experimental profile according
Kim et al.3 is assumed and leads to a consistent descrip
of the experimental results. Finally, the width of this inte
face,dt , has been shown to be a convenient variable for
study of interdiffusion in these superlattices.4

In order to accomplish the above, one has to determ
the relevant experimental intersubband transition energ
However, this is not a trivial undertaking due, to a lar
extent, to a lack of knowledge about the position of a p
ticular band gap relative to the frequency of photolumin
cence peaks,5–7 or that of the absorption edges.8 The method
we propose and demonstrate here, is to determine the p
tion of the absorption edge and then its position relative
the intersubband transition energy itself. This can be acc
plished by calculating the transition energies as well as
corresponding absorption coefficient. Finally, by fitting t
theoretical and experimental absorption coefficients, one
determine the experimental intersubband transition ener
relative to their absorption edges.

II. EXPERIMENTAL DETAILS

Epitaxial growth was carried out in a Riber 2300, molec
lar beam epitaxial system that has been modified to pe
the growth of Hg-based materials as has been descr
elsewhere.4 After the growth of a thin CdTe buffer layer, th
HgTe/Hg12xCdxTe superlattices were grown on~001! and
(112)B oriented Cd0.96Zn0.04Te and CdTe substrates a
180 °C with the exception of three (112)B SL’s at 188 °
The substrate temperature was determined with an accu
of 6 2 °C by means of a thermocouple which was in physi
contact with a molybdenum substrate holder. The therm
couple was carefully calibrated at the melting points of
dium and tin.

The composition of the barrier material has been de
mined by means of transmission measurements9 on thick test
10 353 ©2000 The American Physical Society
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10 354 PRB 62C. R. BECKERet al.
layers of Hg12xCdxTe grown under identical conditions wit
the exception of the absence of the HgTe layers. At a gro
temperature of 180 °C,x50.6860.02 andx50.9560.02 for
the ~001! and (112)B orientations, respectively. This val
has been corroborated by a determination of the barrier
phonon frequency for several~001! SL’s.10 Cd has been
found in some thin layers of HgTe grown under similar co
ditions by means ofin situ x-ray photoelectron spectroscop
If the Cd is evenly distributed throughout the layer then
average concentration in the wellxw can be calculated. Usu
ally this value was below the sensitivity of the spectrome
i.e., much less than 0.5%, however, 3.0% was determine
one occasion. The latter value was shown to be due to
limation from the hot CdTe shutter, which depends on w
was grown previously. Nonlinear diffusion11 may also ac-
count for the presence of small amounts of Cd in the Hg
wells.

The superlattice period is readily accessible by x-ray d
fraction experiments; however well and barrier thicknes
are not so easily determined. Historically well and barr
thicknesses have been inferred from the growth parame
measured by transmission electron microscopy12 or deter-
mined by means of a simulation of high resolution x-r
diffraction results.13,14 In this investigation we have dete
mined the well thickness and hence that of the barrier
~001! superlattices via a dynamic simulation of the~002! and
~004! Bragg reflections measured in a five crystal x-ray d
fractometer. The rather strong~002! Bragg reflection in these
superlattices is caused primarily by the HgTe layer: T
structure factor for the~002! Bragg reflection is much large
for HgTe than for CdTe.13 This is due to the larger Hg atom
with its greater number of electrons. In fact the structu
factor goes to zero for Hg12xCdxTe with anx value of about
0.88. A simulation of~001! oriented superlattices results
an accuracy as low as6 1 Å but which is usually62 Å,
depending on the number of satellites and the position of
first order zero points relative to the satellites.

X-ray diffraction in (112)B oriented heterostructures
more complicated and the results less accurate. First of
there is only one useful reflection~224! which is not stronger
for either HgTe or CdTe. Second, shear strain results i
monoclinic distortion which must be taken into account b
fore the data can be correctly simulated.15,16

Optical transmission and reflection measurements w
carried out in the middle and near infrared with a Four
transform spectrometer, Bruker IFS88. A LiTaO3 detector
was usually employed rather than a liquid nitrogen coo
detector, e.g., Hg12xCdxTe, because of its better linearity
The aperature was kept as small as possible for the s
reason, i.e., a diameter of 2–3 mm. The absorption coe
cient was determined by fitting the experimental transm
sion spectra to a theoretical description of the multilayer s
tem using standard matrix procedures.17

It can be easily shown that a transmission spectrum
vided by a slightly different spectrum, e.g., measured a
different temperature, is proportional to the correspond
change in the absorption coefficient

DT
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where T andd are the transmission and sample thickne
respectively. Hence a good approximation ofDa, see Fig. 4,
can be obtained merely from a ratio of the transmission sp
tra without the complications and uncertainties in calculat
the absorption spectrum of the SL in a multilayer structure17

If the temperature difference is kept small,DT520– 40 K,
residual interference effects can be effectively reduced n
the transition itself and nearly elliminated at other freque
cies. The index of refractionn undergoes a change of up t
about 5%–10% near an intersubband transition, howe
this has been shown to result in a negligible shift of t
experimental absorption edge of< 1 meV.

The transmission spectra of most of the SL’s were m
sured at various temperatures. In most cases this was
from 5 to 300 K with a temperature interval of 10 K, in ord
to improve the statistical significance of the data.

III. THEORETICAL DETAILS

A large number ofk•p band structure calculations usin
the envelope function approximation for th
HgTe/Hg12xCdxTe superlattice have been published duri
the last decade.18–21 Wood and Zunger22 have compared the
predictions of a pseudopotential approach, which includes
bands and their dispersion throughout the Brillouin zone a
produces wave functions with full Bloch symmetry, wit
predictions of an 838 multibandk•p approach in the enve
lope function approximation. The authors conclude that
latter model works well for heterostructures when their sta
are derived from bulk states which arewell described by
k•p, i.e., from states near theG point. Ram-Mohan, Yoo,
and Aggarwal18 employed the envelope function method a
developed a transfer matrix procedure to calculate the su
lattice states. They accounted for the full 838 Kane Hamil-
tonian including all second order terms representing the
band contributions, but did not apply their results to
calculation of the optical constants. On the other ha
Johnsonet al.19 applied a slightly different version of the
envelope function method, and deduced optical consta
from their superlattice energies and eigenfunctions. But
their approach they used a simplified band model, wh
omits all the second order far-band contributions, with t
exception of a finite heavy hole mass. In order to overco
these shortcomings, we have combined the essential as
of both approaches.23 This enables us to calculate the optic
constants based on a realistic band structure model, w
includes all second order higher band contributions.

The bands of both bulk HgTe and CdTe are described
Kane’s four-band model (838k•p) including second order
remote band contributions. The envelope function method
the axial approximation is widely used to calculate the ba
structure of the HgTe/CdTe SL.18,19The axial approximation
gives exact results for the band gaps of~001! oriented sys-
tems, because nonaxial terms in the Hamiltonian vanish
ki50. It is well known that the axial approximation is no
exact for growth directions other than@001# and @111# even
for ki50.24 Therefore we have taken the approach of Lo
Fasolino, and Catellani25 and transformed the Hamiltonia
into symmetry adapted basis functions for the@112# growth
direction. We then compared the band structure using
adapted Hamiltonian with an axial approximation for t
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PRB 62 10 355BAND STRUCTURE AND ITS TEMPERATURE . . .
@112# direction. The results of the axial approximation a
not exact, however, they give a good approximation, wit
1 or 2 meV, for the subband energies atki50 as well as for
an average of the subband dispersion over allki directions.
Consequently all absorption coefficient calculations a
most intersubband transition energy calculations were
ried out using this adapted Hamiltonian in the axial appro
mation, in order to reduce the calculation time. Moreover
band structure model is equivalent to that used by Sch
et al.26 to calculate Landau levels in (112)B HgTe quantu
wells.

The effects of strain due to lattice mismatch were a
taken into consideration. The lattice mismatch betwe
HgTe and its environment is less than 0.1% which result
a shift in intersubband transition energies of less than 3 m
and can therefore be neglected. In contrast to the@001#
direction,20 the strain tensor for the@112# direction has a
shear strain component. This results in a piezoelectric fiel
the growth direction.27 We have calculated the strain for
free standing, strained (112)B SL and a fully strain
(112)B SL on a Cd0.96Zn0.04Te substrate. From these resu
the piezoelectric field has been calculated to be less tha
mV/100 Å whose influence on intersubband transition en
gies is less than 1 meV and can therefore be neglected in
calculations.

A revised set of values for the band parameters dedu
from measurements on bulk HgTe and Hg12xCdxTe by
Weiler28 were employed which nevertheless reproduce
same bulk band structure (D51.0 eV, g154.1, g250.5, g3
51.3, F50, andEp518.8 eV):

mhh* ~112!5Fg122g22
3

2
~g32g2!G21

m050.53m0 ,

~2!

mhh* ~001!5~g122g2!21m050.32m0 at 5 K. ~3!

The SL band structure is primarily determined by that of
quantum well and is influenced to a much lesser degree
the band structure of the barrier. Therefore the above va
were employed for both the HgTe quantum wells and
Hg12xCdxTe barriers. According to Weiler28 the only param-
eter that changes significantly with alloy composition a
temperature is the energy gap. The energy gaps of HgTe
Hg12xCdxTe were taken from the empiricalEg(x,T) rela-
tionship according to Laurentiet al.9 with the exception of
HgTe at temperatures greater than 5 K asdiscussed in the
following sections. The valence band offset between Hg
and Hg12xCdxTe is employed as an adjustable variable a
is assumed to vary linearly withx for Hg12xCdxTe, i.e.,
xL.29 An interface widthdt which results during growth o
from interdiffusion of the two types of layers was integrat
into the theory. The concentration profile across the interf
is described by an error function similar to an experimen
profile according to Kimet al.3

The complex dielectric constant can be written as

«~v!5«R~v!1 i
s~v!

ve0
, ~4!

where«R(v) is the residual contribution of the lattice an
higher subbands which is assumed to be constant over
n
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frequencies of interest in this investigation,«R(v)'10. The
complex dynamic conductivity,s~v!, is determined by mak-
ing use of Kubo’s formula23 and finally the absorption coef
ficient is given by

a~v!5
v

c

&«2~v!

A«1~v!1u«~v!u
, ~5!

where«1(v) and«2(v) are the real and imaginary compo
nents of«~v!, respectively.

IV. RESULTS AND DISCUSSION

A. „112…B orientation

The transmission and absorption spectra for a (112B
HgTe/Hg0.05Cd0.95Te SL at 5 K are shown in Fig. 1. Thre
distinctive steps are observed which we have assigned to
H1-E1, L1-E1, andH2-E2 intersubband transitions.H, L,
andE are the heavy hole, light hole, and electron subban
respectively. In contrast, Yanget al.6 attributed the first two
steps at lower energies in a similar SL to theH1-E1 and
H2-E2 transitions, and the weak shoulder near 240 meV
L1-E1. In order to insure a correct assignment, there mus
agreement between the calculated transition probabilities
the observed absorption coefficient spectrum as well as
tween the calculated and experimental frequencies. That
is the case here, is demonstrated in Fig. 2 where the exp
mental and theoretical absorption as well as the calcula
absorption for the three individual transitions are plotted v
sus energy. The relative heights of the three steps are in g
agreement with experiment, even though their absolute m
nitudes are underestimated due to the neglect of Coulo
interaction between electron and hole.30 The energies of the
H1-E1 and L1-E1 transitions are in good agreeme
whereas agreement is only fair at higher energies, e.g.,
H2-E2, as expected for a perturbation theory. The we

FIG. 1. Transmission and absorption spectra of
(112)B HgTe/Hg0.05Cd0.95Te superlattice Q943 at 5 K.
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10 356 PRB 62C. R. BECKERet al.
shoulder near 240 meV is due to theH2-E1 transition which
is allowed only fork.0. For these reasons and others wh
will become apparent below, we shall concentrate on
H1-E1 andL1-E1 transitions.

1. Intersubband transition energies

The absorption edges have been determined by two
ferent methods. In the first method, the absorption edg
defined as the energy at the maximum value of the first
rivative of the absorption coefficient. This is schematica
demonstrated in Fig. 3 forQ943 at 5 K. The full widths at
half maximum FWHM of the derivative for theH1-E1 and
L1-E1 transitions are 8.5 and 13 meV, respectively. A
shown is a theoretically calculateda and its derivative, to-
gether with the calculated intersubband transition energ
The dispersion for these transitions is indicated by the wi
of the two vertical lines, i.e.,'0.5 and'1.8 meV for these
two transitions. A small energy dispersion and hence a w
barrier is desired in order to minimize uncertainties in t
transition energies. The barrier widths of most of the SL’s
this investigation are>80 Å, which result in a dispersion o
<1.0 and<3.5 meV, respectively. The shape and width
the experimentala andda/dE of Q943 were simulated by
assuming a Gaussian distribution of quantum well wid
with G51.5 Å.31 As can be seen, the absorption edges co
cide with the intersubband transition energies to within61
meV. In this investigation an uncertainty of<62 meV holds
for all samples, with one exception in which a systema
discrepency of 4 meV forL1-E1 is observed. This is due t
interference effects which have not been completely
moved but being known can be taken into account.

FIG. 2. Experimental and theoretical absorption coefficients
the (112)B HgTe/Hg0.05Cd0.95Te superlattice Q943 at 5 K. Also
shown are the individual contributions of theH1-E1, L1-E1, and
H2-E2 intersubband transitions.
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In the second method the absorption edge is determ
from the change in the absorption coefficient according
Eq. ~1!. The near equivalence of these two methods of de
mining the band edges and consequently the intersubb
transition energies are demonstrated in Fig. 4. In this fig
the dashed line representsda/dE at 40 K and the solid line
represents T60 K /T20 K21 whose effective temperature is 4

f

FIG. 3. Experimental~thick line! and theoretical~thin line! ab-
sorption coefficients, and their first derivatives~thick and thin
dashed lines, respectively! for the (112)B HgTe/Hg0.05Cd0.95Te
SL Q943 at 5 K. The intersubband transition energies are indica
by vertical lines and their dispersion forqiz, the miniband width,
by the width of these vertical lines.

FIG. 4. Ratio of transmission T spectra atT560, andT520 K
~solid line! is compared with the first derivative ofa ~dashed line!
for Q943 at 40 K.
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FIG. 5. Experimental values forEH1-E1 ~filled circles!, EL1-E1

~empty circles!, and the energy differenceEH12EL1 ~empty
squares! for all ~112!B SL’s together with theoretical results at 5
~lines! are plotted vsdw . Calculated results usingdt524 Å and
xw50.00 for possible values ofL are shown.dt is the interface
width.

FIG. 6. Experimental values forEH1-E1 ~filled circles!, EL1-E1

~empty circles!, andEH12EL1 ~empty squares! for all ~112!B SL’s
together with theoretical results at 5 K~lines! are plotted vsdw .
Calculated results for possible values ofL and superlattice param
eters are shown.
K. The experimental transition energy defined as the ene
at the maximum value of T60 K /T20 K21 is in good agree-
ment with the corresponding energy forda/dE, in this case
the energy difference is<1 meV for both transitions.

The energies of theH1-E1 andL1-E1 transitions at 5 K
for all of the investigated (112)B SL’s are plotted vers
quantum well width,dw , in Fig. 5. Also shown is the energ
difference between these two intersubband transitions,
EH1-EL15EL1-E1-EH1-E1 . Obviously both transitions have
a strong inverse dependence ondw , whereasEH1-EL1 is
nearly independent ofdw . On the other hand,EH1-EL1 de-
pends nearly linearly on the valence band offsetL. Hence a
determination ofL is possible which is not influenced b
uncertainties indw . The three sets of lines in Fig. 5 are th

FIG. 7. Experimental~thick line! and theoretical~thin line! ab-
sorption coefficients, and their first derivatives~thick and thin
dashed lines, respectively! for the (112)B HgTe/Hg0.05Cd0.95Te
SL Q943 at 160 K. The intersubband transition energies are in
cated by vertical lines and their dispersion forqiz, the miniband
width, by the width of these vertical lines.

TABLE I. Average value of the valence-band offset betwe

HgTe and CdTe,L̄, necessary to predict the experimental value
EH12EL1 and its standard error for a range of all feasible super
tice parameters for the~112!B and ~001! orientations at 5 K.

dt (Å) xw L̄ (meV)

~112!B 18 0.02 556612
24 0.00 56167
24 0.01 57368
30 0.00 59067

~001! 18 0.03 54669
24 0.02 55267
30 0.00 55267
30 0.01 56567
36 0.00 58368
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10 358 PRB 62C. R. BECKERet al.
results of the theory for these intersubband energies fo
series of values forL assumingdt524 Å andxw50.0.

Even though the growth conditions for these SL’s were
similar as possible, with the exception of the growth te
perature for three SL’s, a variation in SL parameters such
xw and dt is possible. A number of superlattice parame
sets give good to acceptable agreement with the experim
tal values, however,L is nearly independent of the set ch
sen. This is schematically illustrated in Fig. 6. As can
seen the experimental and calculated energies for theH1-E1
andL1-E1 intersubband transitions agree within the expe
mental uncertainties in these energies and indw . In addition
the experimental values forEH1-EL1 agree with the calcula
tions employing the values ofL shown in Fig. 6. The above
is true for this range of superlattice parameters. SL par
eters which do not fulfill this criterion have been exclud
from the following statistical analysis.

Because the values ofxw and dt and their variations are
uncertain, an analysis for each feasible set of parameters
been carried out. The calculated value ofL necessary to
reproduce the experimental value ofEH1-EL1 for each of the
16 SL’s has been averaged. This average value ofL and its
standard error are tabulated for each set of parameter
Table I. TheL values for each SL have been weighted
inverse proportion to the experimental uncertainties
EH1-EL1 shown in Figs. 5 and 6. The results may be su
marized as a range of possible values at 5 K expressed as
L5570626 meV.

2. Temperature dependence

Spectra of the absorption coefficient and its derivative
Q943 at 160 K are reproduced in Fig. 7. The absorpt

FIG. 8. ExperimentalH1-E1 andL1-E1 intersubband transi
tion energies as well asEH12EL1 are plotted as a function of tem
perature. Values determined fromda/dE are represented by filled
symbols and those from the transmission ratio by empty symb
The lines are the results of theoretical calculations using the
parameters indicated in the figure and discussed in the text.
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edges as defined byda/dE are shifted to higher energies an
are slightly broader with a FWHM of 15 and 22 meV for th
H1-E1 and L1-E1 intersubband transitions, respective
However their shapes are similar to those at 5 K and the
intersubband transition energies coincide with the peaks
da/dE within 62 meV. This is true up to room temperatur
therefore, an accurate temperature coefficient for these t
sitions can be determined. TheH1-E1 andL1-E1 intersub-
band transition energies forQ943 are shown as a function o
temperature in Fig. 8. Values determined from the transm
sion ratio are indicated by empty circles and those fr
da/dE by filled circles. The energies from these two met
ods are nearly equal: Most of the latter symbols are obscu
by the former. As can be seen there is less scatter in the
from the transmission ratio method. A small Burstein-Mos32

shift of about 2 meV can be seen at temperatures below
K.

Experimental values ofEH1-EL1 , which are plotted ver-
sus temperature as empty and filled squares, display a
nificant temperature dependence. Therefore according to
conclusions presented above,L is also temperature depen
dent. Linear temperature coefficients have been calcula
for these three energies using the SL parameters determ
below, and are displayed in Fig. 8 as three lines. Obviou
the calculated results are in excellent agreement with
experimental values. Because the temperature dependen
EH1-EL1 is linear within experimental uncertainties, we pr
pose that this is also the case forL:

L~T!5L01
dL

dT
T. ~6!

s.
L

FIG. 9. Linear temperature coefficients forEH1-E1 ~filled
circles!, EL1-E1 ~empty circles!, as well as EH12EL1 ~empty
squares! are plotted vsEH1-E1 at 5 K for all ~112!B SL’s. Calcu-
lated results fordt524 Å, xw50.00,L05560 meV and takingL to
be independent of temperature,dL/dT50.0 meV/K, are repro-
duced as solid lines.
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PRB 62 10 359BAND STRUCTURE AND ITS TEMPERATURE . . .
In order to determine the magnitude of this temperat
dependence, we have employed a procedure which re
only on experimentally determined energies and not ondw or
other SL parameters. This is illustrated in Fig. 9 where
temperature coefficients forEH1-E1 , EL1-E1 , and EH1-EL1
are plotted versusEH1-E1 ~5 K! for the (112)B SL’s. The
curves are results of the theory whenL is assumed to be
temperature independent and the energy gap of HgT
room temperature,Eg(0,300 K), is taken to be2140 meV.33

Even though the temperature dependence of theH1-E1 tran-
sition can be reproduced, this is clearly not the case for ei
L1-E1 or the energy separation between these two tra
tions,EH1-EL1 . Consequently the results of previous inve
tigations, which are based merely on theH1-E1 transition
can be misleading. For example the conclusion of v
Truchsesset al.34 that L is temperature independent, is o
viously incorrect.

It will be demonstrated below that the temperature dep
dence of theL1-E1 intersubband transition is determined

FIG. 10. Linear temperature coefficient forEL1-E1 ~empty
circles! is plotted vsEL1-E1 at 5 K for all ~112!B SL’s. Calculated
results are shown for the following values ofEg(0,300 K) and
dL/dT:2140 meV and 0.0 meV/K~dashed line!, respectively;
2160 meV and 0.0 meV/K~dotted line!; 2160 meV and20.40
meV/K ~solid line!.
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the temperature dependence of both the HgTe band gap
L:

dEL1-E1

dT
5 f S dEg~0,T!

dT
,
dL

dTD . ~7!

The calculated temperature dependence ofEL1-E1 is com-
pared with experiment in Fig. 10. Calculated values
EL1-E1 approach zero for very wide quantum well width
i.e., pure HgTe, and consequently this is also true
DEL1-E1 /DT. Shown in Fig. 10 are calculations assumingL
to be independent of temperature together with b
Eg(0,300 K)52140 and2160 meV, dashed and dotted lin
respectively. Decreasing this energy from2140 to 2160
meV improves the fit at low energies whereas the shap
higher energies is increasingly determined by the value
dL/dT. A least square fit of Eq.~7! to the experimental
values, shown as a solid line in Fig. 10, results
Eg(0,300 K)5216062 meV and dL/dT520.40
60.04 meV/K, which are listed in Table II. This value fo
Eg(0,300 K) differs appreciably from literature values
2140 and2120 meV,33,9 which clearly lie outside of the
experimental uncertainties in this investigation. Howev
these two values are not experimental values: They h
been determined by extrapolating experimental results
T,100 K up to room temperature. The empirical relatio
ship for the band gap of Hg12xCdxTe according to Laurent
et al.9 has been modified as follows in order to incorpora
our value for HgTe:

Eg~x,T!52303~12x!11606x2132x~12x!

1@4.95~12x!13.25x23.93x~12x!#

31021T2/@11~12x!178.7x1T# ~8!

in units of meV. This empirical equation reproduces t
Eg(x,T) values of Laurentiet al.9 to within 2 meV for allx
values and low temperatures as well as forx.0.6 and tem-
peratures up to 300 K. In particular,Eg(1,T) is unchanged
for CdTe.

On the basis of x-ray photoemission spectroscopy~XPS!
and ultraviolet spectroscopy~UPS! Sporken et al.35 con-
cluded that the valence-band offset between CdTe and H
was independent of temperature between 50 K and ro
temperature with an uncertainty of60.25 meV/K. However
the valence-band offset was not determined atk50: Their
UPS samples were sputtered and they employed the HeI and
HeII emission lines whose energies correspond to a posi
in the Brillouin zone far removed fromk50.36
TABLE II. Experimentally determined values together with their uncertainties forEg ~0,300 K!, L0 , L
~300K!, dL/dT, andmhh* ~300 K! for the ~112!B and ~001! orientations.

Eg(0,300 K)
~meV!

L0

~meV!
L ~300 K!

~meV!

dL

dT
~meV/K!

mhh* ~5 K!a

m0

mhh* ~300 K!
m0

~112!B 216062 572626 452632 20.4060.04 0.53 0.7960.04
~001! 215764 566627 458634 20.4160.10 0.32 0.4060.11

aAfter Ref. 28.
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The experimental temperature dependence ofEL1-E1 , and
that of EH1-E1 , as will be demonstrated below, cannot
explained unlessL is temperature dependent. Since the e
ergy gaps of HgTe and CdTe as well as either their cond
tion bands, valence bands, or a combination of both, dep
on temperature, it would be a remarkable coincidence if
valence-band offset between the two were independen
temperature. Particularly since the band gap of HgTe
creases with temperature and that of CdTe decreases.

The results forEH1-E1 , EL1-E1 , and EH1-EL1 using a
linear temperature coefficient forL of 20.40 meV/K are
displayed in Fig. 11 by the dashed lines. Agreement w
experiment at lower values ofEH1-E1 ~5 K! is good as pre-
viously reported,37 however, at higher energies this is not t
case. Better agreement with experiment over the entire
ergy range can only be achieved by assuming that the he
hole effective mass is also temperature dependent: On
more of the band structure parametersg1 , g2 , and g3 are
temperature dependent. Analogous to the above treatm
the temperature dependence of theH1-E1 intersubband
transition can be expressed as

dEH1-E1

dT
5 f S dEg~0,T!

dT
,
dL

dT
,
dmhh*

dT D . ~9!

The first two temperature coefficients have been determ
above and will be held constant. A least square fit of Eq.~9!
to the experimental values ofEH1-E1 , which is shown as a
solid line in Fig. 11 results inmhh* (112)50.7960.04m0 at
300 K, see Table II.

FIG. 11. Linear temperature coefficients forEH1-E1 ~filled
circles!, EL1-E1 ~empty circles!, as well as EH12EL1 ~empty
squares! are plotted vsEH1-E1 at 5 K for all ~112!B SL’s. Calcu-
lated results fordt524 Å, xw50.00, L05560 meV, anddL/dT
520.40 meV/K are reproduced as dashed lines, and the re
when in additionmhh* is temperature dependent as solid lines.
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B. „001… orientation

This more symmetric surface has a number of advanta
but also distinct disadvantages. For example, the more s
metric Hamiltonian does not lead to a monoclinic distorti
or a piezoelectric effect as is the case for~112!.15,16As men-
tioned above, values for the well and barrier widths via x-r
diffraction are more accurate, however, the Cd concentra
in the barriers is appreciably lower, 0.68 instead of 0.
This has two important consequences. First, due to the lo
energy barrier the useful experimental data are limited t
smaller energy range. Second, the absorption edges a
least a factor of 2.5 broader, apparently due to greater a
fluctuations in the barriers.31

The experimental energies for theH1-E1 and L1-E1
transitions at 5 K for all of the investigated~001! SL’s are
plotted versus quantum well width in Fig. 12. The ener
difference between these two intersubband transitions is
shown. Both transitions display a strong inverse depende
on dw , whereasEH1-EL1 is nearly independent ofdw . As is
the case for the (112)B SL’s,EH1-EL1 is, within experimen-
tal error, linearly dependent on the valence-band offseL
which permits a determination ofL independent of uncer
tainties in dw . The three sets of lines in Fig. 12 are th
results of the theory for these intersubband energies fo
series of values forL assumingdt530 Å andxw50.0.

As demonstrated above for (112)B SL’s, good to acce
able agreement with the experimental values ofEH1-EL1 can
also be achieved for~001! SL’s with a number of SL param
eters, however,L is nearly independent of the set chose
This is schematically illustrated in Fig. 13. The calculat
value ofL for each set of SL parameters necessary to rep

lts

FIG. 12. Experimental values forEH1-E1 ~filled circles!, EL1-E1

~empty circles!, andEH12EL1 ~empty squares! for all ~001! SL’s
together with theoretical results at 5 K~lines! are plotted vsdw .
Calculated results usingdt530 Å andxw50.00 for possible values
of L are shown.dt is the interface width.
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duce the experimental value ofEH1-EL1 for the 12 SL’s has
been averaged. These average values ofL and their standard
errors are tabulated for each set of parameters in Table I.
L values for each SL have been weighted in inverse prop
tion to the experimental uncertainties inEH1-EL1 shown in
Figs. 12 and 13. A range of possible values which can g
erate the experimental results at 5 K is given byL5564
627 meV.

The experimental linear temperature coefficients
EH1-E1 , EL1-E1 , andEH1-EL1 together with calculations as
suming a temperature-independentL and Eg(0,300 K)5
2130 meV are displayed in Fig. 14 by the dashed lin
Agreement with experiment for the temperature depende
of EH1-E1 is reasonable, however, that is obviously not t
case for eitherEL1-E1 or EH12EL1 . A least square fit of
EL1-E1 to the calculated relationship of Eq.~7! and that of
EH1-E1 to Eq. ~9!, which is shown in Fig. 14 as solid lines
results in dL/dT520.4160.10 meV/K, Eg(0,300 K)5
215764 meV, andmhh* (001)50.4060.11m0 at 300 K, as
listed in Table II.

C. Eg„0,300 K…, L„T…, and mhh* „T…

The valence-band offset between HgTe and CdTe,L, has
been the subject of a long standing controversy, which
been reviewed by, for example, Meyeret al.38 In early
magneto-optical experiments on semiconducting supe
tices, both a small offset of 40 meV and a larger value
approximately 350 meV were deduced.39,12 In contrast, x-ray
and ultraviolet photoelectron spectroscopy have provide
consistent value of approximately 350 meV.40,35,29Johnson,
Hui, and Ehrenreich41 resolved the apparent controversy

FIG. 13. Experimental values forEH1-E1 ~filled circles!, EL1-E1

~empty circles!, andEH12EL1 ~empty squares! for all ~001! SL’s
together with theoretical results at 5 K~lines! are plotted vsdw .
Calculated results for possible values ofL and superlattice param
eters are shown.
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favor of the largerL, demonstrating that with increasingL,
HgTe/CdTe superlattices would change from semicondu
ing behavior to semimetallic and back to semiconduct
behavior due to crossing and uncrossing of theH1 andE1
subbands. The authors showed that the electron cyclo
mass observed in previous magneto-optical experimen39

could be explained better with 350 meV as opposed to
meV. The most widely accepted value has been 350 m
from XPS and UPS measurements, however, values forL up
to 800 meV have been subsequently reported for magn
optical experiments.42 An offset of 550 meV at liquid helium
temperatures have been deduced from photoluminesc
and magneto-optical spectra, however, this value is the of
between HgTe and Hg0.15Cd0.85Te which scales linearly to
about 650 meV between HgTe and CdTe.6 A magneto-
optical investigation of the electron effective mass at
conduction band edge together with the energy of all fo
observed intersubband transitions for a~001! SL by von
Truchsesset al.10 resulted in a value of 550650 meV at 4.2
K. From the crossing of a Landau level from the conducti
subband with one from the valence subband in an (112
HgTe/CdTe quantum well with inverted band structu
Schultzet al.26 obtained a value of 610 meV forL.

In the present investigation we have demonstrated
L5570630 meV at 5 K for both the~001! and the (112)B
orientation, by taking advantage of the fact that the vale
band offset between HgTe and CdTe is primarily respons
for the separation between theH1-E1 andL1-E1 transition
energies of HgTe/Hg12xCdxTe superlattices with a norma
band structure. Values for eitherEH1-E1 or EL1-E1 can be

FIG. 14. Linear temperature coefficients forEH1-E1 ~filled
circles!, EL1-E1 ~empty circles!, as well as EH12EL1 ~empty
squares! are plotted vsEH1-E1 at 5 K for all ~001! SL’s. Calculated
results fordt530 Å, xw50.00 andL05560 meV together with the
presumption thatL and mhh* are independent of temperature a
reproduced as dashed lines and results of a least square fit in w
L andmhh* are temperature dependent as solid lines.
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simulated by varying one or more of the many superlatt
parameters, however, to a good approximation, all relev
superlattice parameters have little or no effect on this ene
difference, with the exception ofL. This leads to an unam
biguous value or range of values forL. This range of pos-
sible values,630 meV, is due to a weak dependence
other superlattice parametersxw anddt and uncertainties in
their values. According to Wood and Zunger22 the accuracy
of subband energies near theG point for thek•p method in
the envelope function approximation primarily reflects t
accuracy of thek•p band parameters for the bulk constit
ents, weighted by the magnitude of their presence in
superlattice. Consideration of the experimental uncertain
in the parameters for the bulk constituents28 as well as the
uncertainties in the superlattice parameters discussed ab
result inL5570660 meV for ~001! and (112)B at 5 K.

In most UPS investigations35 L was not determined atk
50 and XPS experiments average over allk values. Disper-
sion ink space is quite different in HgTe and CdTe, and t
extrapolation method of determining the valence band m
mum can be less accurate forkÞ0.36 In spite of the possi-
bility of large systematic errors due to these facts, a value
'350 meV at 300 K has been consistently obtained. T
study of Eichet al.36 at k'0 is a notable exception whic
reports a value of 530630 meV at 300 K. The room tem
perature value determined here, 450660 meV, lies between
these two values.

The temperature dependence of bothH1-E1 andL1-E1
intersubband transitions can only be explained,
Eg(0,300 K)5216065 meV and if bothL andmhh* have a
significant temperature dependence. This requisite de
dence in both cases can be expressed as a linear depend
In the former case,dL/dT520.4060.04 meV/K for
(112)B and, even though there is noa priori reason thatL
and its temperature coefficient must be equivalent for th
two orientations, within experimental error, this is the ca
i.e., dL/dT520.4160.10 meV/K for ~001!. Sporken
et al.35 concluded from an XPS and UPS study that t
valence-band offset between HgTe and CdTe was inde
dent of temperature between 50 K and room tempera
with an uncertainty of60.25 meV/K. However, the author
did not determine the valence-band offset atk50, which can
lead to large systematic errors according to the argum
given above. In the latter case,mhh* (112)50.7960.04m0 at
300 K when the literature value28 of mhh* (112)50.53m0 at 5
K is employed, andmhh* (001)50.4060.11m0 at 300 K com-
pared to the value employed at 5 K,mhh* (001)50.32m0 ,28

see Table II. If these values formhh* (001) according to Eq.
~3! are inserted into Eq.~2! then the resulting anisotropi
component ofmhh* (112), i.e., (g32g2), is temperature inde
pendent, within experimental uncertainty.

The resulting temperature coefficients forH1-E1 and
L1-E1 are in good agreement with experiment as can
e
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seen in Figs. 11 and 14. Meyeret al.7 have determined the
temperature coefficient of the photoluminescence peak
several (112)B HgTe/Hg0.10Cd0.90Te SL’s. These values ar
also in reasonably good agreement with our model within
uncertainty in the position of the peak relative to theH1-E1
intersubband transition energy.43

The band gap of HgTe has been determined by conv
tional magneto-optical methods only for temperatures up
approximately 100 K.1 These values have been combin
with Hg12xCdxTe band gap energies forx>0.23 and tem-
peratures up to room temperature in empiric
relationships,33,9 which extrapolate to values forEg(0,300 K)
of 2140 and2120 meV, respectively. These values are s
nificantly larger than the experimentally determined value
this investigation, i.e.,Eg(0,300 K)5216065 meV.

V. CONCLUSIONS

Intersubband transitions and their dependence on t
perature in semiconducting HgTe/Hg12xCdxTe superlattices
with normal band structure have been investigated for a la
number of superlattices. It has been demonstrated thatL is
primarily responsible for the separation between theH1-E1
andL1-E1 transition energies of HgTe/Hg12xCdxTe super-
lattices with normal band structure. To a good approxim
tion, all other relevant superlattice parameters have little
no effect on this energy difference. This leads to a value
the valence band offset between HgTe and CdTe given
L5570660 meV at 5 K for both the~001! and the (112)B
orientations. This uncertainty inL is due to uncertainties in
the k•p band parameters of the bulk constituents as wel
due to a weak dependence onxw anddt and uncertainties in
their values.

An explanation of the temperature dependence for both
these intersubband transition energies leads to the follow
unambiguous conclusions.L is temperature dependent as d
scribed by the linear temperature coefficient of20.40
60.04 and20.4160.10 meV/K for (112)B and~001!, re-
spectively. Within experimental error, these values
equivalent. ThusL5450660 meV at 300 K for both orien-
tations. Second, the energy gap of HgTe at 300 K is given
Eg(0,300 K)5216065 meV. This value is appreciably
lower than the extrapolated values found in the literatu
Finally the anisotropic heavy hole effective mass for Hg
was shown to have a significant temperature depende
however, the anisotropic component ofmhh* (112) is, within
experimental uncertainty, independent of temperature.

ACKNOWLEDGMENT

The support of the Deutsche Forschungsgemeinschaf
SFB 410, II-VI Halbleiter: -Wachstumsmechanismen, ni
derdimensionale Strukturen, und Grenzfla¨chen,is gratefully
acknowledged.
-

*Email: becker@physik.uni-wuerzburg.de
1M. Dobrowolska, A. Mycielski, and W. Dobrowolski, Solid Stat

Commun.27, 1233~1978!.
2V. Latussek, C. R. Becker, G. Landwehr, R. Bini, and L. Uliv

~unpublished!.
3Y. Kim, A. Ourmazd, M. Bode, and R. D. Feldman, Phys. Rev.
Lett. 63, 636 ~1989!.

4C. R. Becker, V. Latussek, W. Spahn, F. Goschenhofer, S. Oeh
ling, and G. Landwehr, Proc. SPIE2554, 6 ~1995!.

5K. A. Harris, R. W. Yanka, L. M. Mohnkern, A. R. Riesinger, T.



J

F

.

S.
tt

,

ke
hy

ra

n
ys

l.

.

hr

G

B

ys

ci

on

er,
st.

.

ys.

, J.

axe-
nol.

d-

G.

in

nd

. B

W.

J.

PRB 62 10 363BAND STRUCTURE AND ITS TEMPERATURE . . .
H. Myers, Z. Yang, Z. Yu, S. Hwang, and J. F. Schetzina,
Vac. Sci. Technol. B10, 1574~1992!.

6Z. Yang, Z. Yu, Y. Lansari, S. Hwang, J. W. Cook, Jr., and J.
Schetzina, Phys. Rev. B49, 8096~1994!.

7J. R. Meyer, A. R. Reisinger, K. A. Harris, R. W. Yanka, L. M
Mohnkern, and L. R. Ram-Mohan, J. Cryst. Growth138, 981
~1994!.

8C. L. Cesar, M. N. Islam, R. D. Feldman, R. F. Austin, D.
Chemla, L. C. West, and A. E. DeGiovanni, Appl. Phys. Le
56, 283 ~1990!.

9J. P. Laurenti, J. Camassel, A. Bouhemadou, B. Toulouse
Legros, and A. Lusson, J. Appl. Phys.67, 6454~1990!.

10M. von Truchsess, V. Latussek, F. Goschenhofer, C. R. Bec
G. Landwehr, E. Batke, R. Sizmann, and P. Helgesen, P
Rev. B51, 17 618~1995!.

11A. Tardot, A. Hamoudi, N. Magnea, P. Gentile, and J. L. Paut
Appl. Phys. Lett.62, 2548~1993!.

12J. N. Schulman, O. K. Wu, E. A. Patten, Jeong W. Han, Y. La
sari, L. S. Kim, J. W. Cook, Jr., and J. F. Schetzina, Appl. Ph
Lett. 53, 2420~1988!.
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