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Inverted band structure of type-III HgTe ÕHg1ÀxCdxTe superlattices
and its temperature dependence

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

~Received 22 January 2003; published 2 July 2003!

Intersubband transitions in~001!- and ~112!B-orientated HgTe/Hg12xCdxTe superlattices with an inverted
band structure have been investigated in order to determine their band structure. The results are compared with
k•p calculations in the envelope function approximation using the full 838 Kane Hamiltonian. Up to six
intersubband transitions and their temperature dependences have been observed. Three transitions display a
positive dependence on temperature and the remaining three a negative dependence. Agreement with theory for
all observed transitions and both orientations is good. Due to the close proximity of the first conduction
subband and the Fermi energy, the influence of the charge carriers must be taken into account.
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I. INTRODUCTION

As is well known the optical and magnetotransport pro
erties of HgTe/Hg12xCdxTe quantum wells~QW’s! and su-
perlattices ~SL’s! are determined by their band structur
which particularily in type-III superlattices is largely dete
mined by that of the quantum well. This has been dem
strated for the optical properties of semiconducting super
tices with a normal band structure, i.e., with a quantum w
width of dw<6 nm.1,2 Recently large Rashba3 spin-orbit
~SO! splitting has been observed inn-type modulation-doped
HgTe/Hg12xCdxTe quantum wells with an inverted ban
structure, i.e.,dw>6 nm, by means of Shubnikov–de Ha
~SdH! oscillations.4,5 Rashba SO splitting magnitudes of u
to 17 meV in these QW’s were shown by Zhanget al.5 to be
due to the heavy-hole nature of the conduction subband.
authors were able to quantatively describe the obser
Rashba SO splitting by means of self-consistent Hartree
culations of the band structure based on an 838
k•p model. The valence-band structure has been the sub
of investigations of mixed conductivity in HgTe
Hg12xCdxTe multiple quantum wells and superlattices.6,7

Ortner et al.8 have recently investigated the valence-ba
structure via magnetotransport experiments onp-type
modulation-doped HgTe/Hg0.3Cd0.7Te~001! quantum wells
and have demonstrated that QW’s with an inverted b
structure are indirect semiconductors; i.e., their valence b
has a maximum at finiteki .

However, a systematic study of the optical properties
HgTe/Hg12xCdxTe quantum wells or superlattices with a
inverted band structure has yet to be published. An inve
gation of the optical properties of HgTe/Hg12xCdxTe SL’s
with normal band structure has led to information about
quantum-well material and valence-band discontinuity
tween barrier and well.2 The temperature dependence of t
intersubband transition energies is directly influenced by
of the band gap of HgTe, which has led to a determination
the negative band gap of HgTe at room temperature as
as the temperature dependence of the heavy-hole effe
0163-1829/2003/68~3!/035202~7!/$20.00 68 0352
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mass. Furthermore, it was demonstrated that the vale
band offset is to a good approximation primarily responsi
for the energy difference between the first heavy-hole,H1,
and the first light hole,L1, subband of a HgTe/Hg12xCdxTe
superlattice with normal band structure. This energy diff
ence was shown to be nearly independent of other supe
tice parameters and, consequently, has led to a precise d
mination of the valence-band offset between HgTe and Cd
L.

In this article it will be shown that the optical propertie
and the corresponding inverted band structure of SL’s can
equally well described by means of the parameters use
calculations for SL’s with normal band structure. In the lat
case the band structure and consequently the optical pro
ties strongly depend on the quantum well width, whereas
dependence is less pronounced for the former case.

II. EXPERIMENTAL DETAILS

Epitaxial growth was carried out in a Riber 2300, molec
lar beam epitaxial~MBE! system which has been modified
permit the growth of Hg-based materials as has been
scribed elsewhere.9 After the growth of a thin CdTe buffer
layer, the HgTe/Hg12xCdxTe superlattices were grown o
~001!- and ~112!B-oriented Cd0.96Zn0.04Te substrates a
180 °C. The substrate temperature was determined with
accuracy of62 °C by means of a thermocouple which w
in physical contact with a molybdenum substrate holder a
was carefully calibrated at the melting points of indium a
tin.

The composition of the barrier material has been de
mined by means of transmission measurements10 on thick
test layers of Hg12xCdxTe grown under identical condition
with the exception of the absence of the HgTe layers. A
growth temperature of 180 °C,x50.7060.02 andx50.95
60.02 for the~001! and ~112!B orientations, respectively
The first value has been corroborated by a determinatio
the barrier TO phonon frequency for several~001! SL’s.11

In this investigation the well thicknessdw and hence that
of the barrier,db , of ~001! superlattices have been dete
©2003 The American Physical Society02-1
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mined by means of a dynamic simulation of the~002! and
~004! Bragg reflections measured in a six-crystal x-r
diffractometer.12,13 The intensity of the normally weak~002!
Bragg reflection is about 15% of that of the~004! Bragg
reflection in these superlattices. This is caused primarily
the HgTe layer: the structure factor for the~002! Bragg re-
flection is much larger for HgTe than for CdTe.12 This is due
to the larger Hg atom with its greater number of electron

X-ray diffraction in ~112!B-oriented heterostructures
more complicated and the results are less accurate. Fir
all, there is only one useful reflection,~224!, which is essen-
tially equally strong for HgTe and CdTe. Second, shear st
results in a monoclinic distortion which must be taken in
account before the data can be correctly simulated.14,15

Optical transmission measurements were carried ou
the middle infrared regime with a Fourier transform spe
trometer, Bruker IFS88. The lowest experimental freque
was limited by absorption due to multiple-phonon proces
in the substrate and SL as well as the transmission of
optical windows in the cryostat. A LiTaO3 detector was usu
ally employed rather than a liquid-nitrogen-coole
detector—e.g., Hg12xCdxTe—because of its better linearity
The absorption coefficient was determined by fitting the
perimental transmission spectra to a theoretical descrip
of the multilayer system using standard matrix procedure16

The position of the absorption edge was determined r
tive to that of the corresponding intersubband transition
ergy; the transition energies were calculated and the shap
the theoretical absorption coefficient was adapted to tha
the experimental coefficient. Employment of a Gaussian
tribution of either the quantum well and barrier widths or t
composition of the wells results in good agreement with
periment. In general, absorption edges, defined by the co
sponding maxima in the first derivative of the absorpti
coefficient, agree well with the intersubband transition en
gies with the exception of transitions which are not co
pletely resolved. Hence we can confidently assign inters
band transition energies to the corresponding maxima in
first derivative.

It has been demonstrated that the absorption edges
also be determined from the transmission spectra directly2 If
a transmission spectrum at one temperature is divided b
spectrum at a slightly different temperature, the result is p
portional to the corresponding change in the absorption
efficient:

DT

T
'dDa, ~1!

where T andd are the transmission and sample thickne
respectively. Hence a good approximation ofDa can be ob-
tained merely from a ratio of the transmission spectra2 with-
out the complications and uncertainties in calculating the
sorption spectrum of the SL in a multilayer structure.16 By
keeping the temperature difference small,DT510–40 K, re-
sidual interference effects are effectively reduced near
transition itself and nearly eliminated at other frequenci
The index of refraction undergoes a change of up to ab
5%–10% near an intersubband transition; however, this
03520
y

of

in

in
-
y
s
e

-
n

a-
-
of

of
s-

-
e-

r-
-
b-
e

an

a
-

o-

,

-

e
.

ut
as

been shown to result in a negligible shift of the experimen
absorption edge of<1 meV.2

The transmission spectra of the SL’s were measured
various temperatures; see, for example, Fig. 1. This was d
for temperatures of 5–320 K with a temperature interval o
K at low temperatures and 10 K at higher temperatures
order to improve the statistical significance of the data.

III. THEORETICAL DETAILS

Numerousk•p band structure calculations using the env
lope function approximation for the HgTe/Hg12xCdxTe su-
perlattice have been published.17–20 A brief review of the
these calculations can be found in Ref. 2

In this investigation the bands of both bulk HgTe a
CdTe are described by Kane’s four-band model (838
k•p) including all second-order remote band contribution
The envelope function method in the axial approximati
has been employed to calculate the band structure of
HgTe/CdTe SL.17,18 The axial approximation gives exact re
sults for the band gaps of~001!-oriented systems, becaus
nonaxial terms in the Hamiltonian vanish forki50; how-
ever, it is well known that the axial approximation is n
exact for growth directions other than@001# and @111# even
for ki50.21 Therefore we have taken the approach of L
et al.22 and transformed the Hamiltonian into symmetr
adapted basis functions for the@112# growth direction. The
band structure using this adapted Hamiltonian has been c
pared with an axial approximation for the@112# direction.
The results of the axial approximation are not exact; ho
ever, they give a good approximation, within 1 or 2 meV, f
the subband energies atki50 as well as for an average of th
subband dispersion over allki directions. Consequently, in
order to reduce the calculation time, all absorption coe
cient calculations and most intersubband transition ene

FIG. 1. The transmission spectra of a HgT
Hg0.05Cd0.95Te~112!B superlattice, Q944, at several temperatur
The spectra are shifted along the vertical axis for clarity.
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INVERTED BAND STRUCTURE OF TYPE-III . . . PHYSICAL REVIEW B 68, 035202 ~2003!
calculations were carried out using this adapted Hamilton
in the axial approximation.

The effects of strain due to lattice mismatch were a
taken into consideration, even though the lattice misma
between HgTe and the Hg12xCdxTe barriers is less than
0.1%. This results in a shift in intersubband transition en
gies of less then 3 meV and can therefore be neglected
contrast to the@001# direction,19 the strain tensor for the
@112# direction has a shear strain component. This result
a piezoelectric field in the growth direction.23 The strains for
a free-standing, strained~112!B SL and a fully strained
~112!B SL on a Cd0.96Zn0.04Te substrate have been calc
lated. Due to the lack of a substrate in the former case,
shear strain component between the SL and its environm
is zero. From these results the piezoelectric field has b
calculated to be less than 5 mV/100 Å whose influence
intersubband transition energies is less than 1 meV and
therefore be neglected in the calculations.

A revised set of values for the band parameters dedu
from measurements on bulk HgTe and Hg12xCdxTe by
Weiler24 was employed which nevertheless reproduces
same bulk band structure (D51.0 eV, g154.1, g250.5,
g351.3, F50, andEp518.8 eV). Since the SL band struc
ture is primarily determined by that of the quantum well a
is influenced to a much lesser degree by the band structu
the barrier, the above values were employed for both
HgTe quantum wells and the Hg12xCdxTe barriers. This re-
sults in no significant changes in the calculated band st
ture. According to Weiler24 the only parameter that change
significantly with alloy composition and temperature is t
energy gap. The energy gaps of HgTe and Hg12xCdxTe were
taken from a slight alteration of the empiricalEg(x,T) rela-
tionship according to Laurentiet al.,10 which takes a recently
determined value for HgTe at room temperature in
account.2 The valence-band offset between HgTe and Cd
was taken to be

L~T!5L01
dL

dT
T ~2!

whereL05570 meV anddL/dT520.40 meV/K according
to Beckeret al.2 andL(T) is assumed to vary linearly withx
for Hg12xCdxTe, i.e., xL(T).25 An interface width which
results during growth or from interdiffusion of the two type
of layers was integrated into the theory. The concentra
profile across the interface is described by an error func
similar to an experimental profile according to Kimet al.26

The complex dielectric constant can be written as

«~v!5«R~v!1 i
s~v!

ve0
, ~3!

where«R(v) is the residual contribution of the lattice an
higher subbands which is assumed to be constant over
frequencies of interest in this investigation,«R(v)'10. The
complex dynamic conductivitys(v) is determined by mak-
ing use of Kubo’s formula,27 and finally the absorption coef
ficient is given by
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, ~4!

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

IV. RESULTS AND DISCUSSION

A. „112…B orientation

Transmission spectra of an~112!B-oriented SL are shown
in Fig. 1 at several temperatures. Numerous distinctive s
are visible, which with decreasing temperature become m
pronounced. The three broad steps at 300 K have been
signed to theH2-E2, H3-E3, and H4-E4 intersubband
transitions.H, L, and E are the heavy-hole, light-hole, an
electron subbands, respectively. In the inverted band reg
the valence subbands and the conduction subbands at
energies are mixed to varying degrees at finitek; however,
for the sake of brevity we shall continue to use these de
nations. With decreasing temperature fine structure beco
readily discernable: at lower temperatures numerous min
are visible and noteworthy are the pronounced minima at
band edges near 128 and 288 meV, a feature which is
mally associated with an exciton. The absorption spectr
together with the first derivative of the absorption coefficie
for this SL at 5 K is shown in Fig. 2. At least three additiona
peaks at approximately 80, 368, and 482 meV are now
ible which are assigned to theE1-H1, L2-H1, andL2-E2
intersubband transitions.

The calculated absorption coefficient spectrum, which
also shown in Fig. 2, is in good agreement with experime
This agreement between the calculated transition proba
ties and the observed absorption coefficient spectrum, as
as between the calculated and experimental frequencies,

FIG. 2. The experimental~thick line! and theoretical~thin line!
absorption coefficients and their first derivatives~thick and thin
dashed lines, respectively! for a HgTe/Hg0.05Cd0.95Te~112!B SL,
Q944, at 5 K.
2-3
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raborates the above-mentioned assignments. The rel
heights of the corresponding steps are in good agreem
with experiment, even though the absolute magnitude of
absorption coefficienta is underestimated due to the negle
of Coulomb interaction between electron and hole.28

1. Intersubband transition energies

The absorption edges have been determined from both
transmission and absorption spectra. In the latter case
absorption edge is defined as the energy at the maxim
value of the first derivative of the absorption coefficient. Th
is schematically demonstrated in Fig. 2 for Q944 at 5 K. T
full widths at half maximum~FWHM! of the derivative for
the E1-H1 andH2-E2 transitions are 7.2 and 4.9 meV, r
spectively. Also shown are a theoretically calculateda and
its derivative. The shape and width of the experimentaa
andda/dE for Q944 in Fig. 2 were simulated by assuming
Gaussian distribution of quantum well widths withs
54.0 Å.29 The absorption edges coincide with the intersu
band transition energies ofH2-E2 to within 62 meV for all
samples. The agreement for most of the other transition
not as good due to their close proximity, e.g.,H4-E4 and
L2-E2, as well as due to the influence of the Fermi ene
on some intersubband transitions as discused below.

With the other method the absorption edge is determi
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 is demonstrated in Fig. 3. In this figure
dashed line representsda/dE at 10 K and the solid line
represents T15 K /T5 K21 whose effective temperature is als
10 K. The experimental transition energies defined as
energies at the maximum or minimum values of T15 K /T5 K

FIG. 3. The ratio of the transmission T atT515 andT55 K
~solid line! is compared with the first derivative ofa ~dashed line!
for Q944 at 10 K. The intersubband transitions are indicated
arrows. Minima are observed in the transmission ratio for th
with a negative temperature dependence.
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21 are in good agreement with the corresponding ener
for da/dE; i.e., the energy difference is<1 meV for all six
transitions. Because theE1-H1, L2-H1, andL2-E2 inter-
subband transitions are negatively dependent on tempera
minima in T15 K /T5 K21 are observed instead of the maxim
for the other three intersubband transitions.

Because the Fermi energy is close to theH1 subband and
strongly depends on the charge carrier concentration du
the small effective electron mass, theE1-H1 and L2-H1
intersubband transitions are influenced by the electron d
sity n. This is illustrated forE1-H1 in Fig. 4 in which the
theoreticala for three values ofn is plotted together with the
experimental absorption coefficient. At low carrier densit
one sharp peak inda/dE is visible, which with increasing
densities shifts to higher energies and becomes broader
nally, at higher carrier concentrations, two broad steps
expected. The higher-energy feature is due to
Burstein-Moss30 shifted E1-H1 intersubband transition
whereas the expected lower-energy feature is a result of
H4-H1 transition. These two intersubband transitions at d
ferent carrier densities are schmatically shown as arrows
diagram of the band structure dispersion shown in Fig.
The transition probability of theH4-H1 transition at low
densities, i.e., atk'0, is negligible but is finite fork.0,
according to the calculated dipole matrix elements shown
Fig. 6.

In addition theL2-H1 intersubband transition also shif
to higher energies with increasingn. Therefore these result
indicate that a rough estimate ofn can be obtained from
transmission measurements.

2. Temperature dependence

The intersubband transition energies for Q944 are sho
as a function of temperature in Fig. 7. Values determin
from the transmission ratio are indicated by solid circles a

y
e

FIG. 4. The experimental~solid line! and theoretical~dotted,
dashed, and dash-dotted lines! absorption coefficients and their firs
derivatives for a HgTe/Hg0.05Cd0.95Te~112!B SL, Q944, for three
different electron concentrations at 5 K.
2-4
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INVERTED BAND STRUCTURE OF TYPE-III . . . PHYSICAL REVIEW B 68, 035202 ~2003!
those fromda/dE by open circles. The energies from the
two methods are nearly equal: most of the former symb
are obscured by the latter. As can be seen there is less sc
in the data from the transmission ratio method. The exp
mental values of theH2-E2, H3-E3, andH4-E4 intersub-
band transition energies display a significant positive te
perature dependence. In contrast, the tempera
dependence of theE1-H1, L2-H1, and L2-E2 transition
energies is negative. The temperature dependence of the
tial subband is less than that of the final subband forH2-E2,
H3-E3, andH4-E4 and vice versa for the other three inte

FIG. 5. The band structure dispersion for a HgT
Hg0.05Cd0.95Te~112!B SL, Q944, at 5 K. The intersubband trans
tions; E1-H1, H4-H1, andH2-E2; are indicated by arrows fo
three different Fermi energies, i.e., electron concentrations, at

FIG. 6. The dipole matrix elements for a HgT
Hg0.05Cd0.95Te~112!B SL, Q944, at 5 K.
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subband transitions. Noteworthy are the weaker feature
Fig. 7, whose temperature dependence is similar to tha
the neighboringH2-E2 andH3-E3 intersubband transitions
In addition their energies are approximately equal to tha
the respective transitions plus or minus the LO phonon
ergy, ELO'17 meV, of HgTe.31 The agreement forEH3-E3
1ELO is not as good, due to the resonance induced m
mum on the high-frequency side ofH3-E3.

Using the temperature dependence of the valence-b
offset, the HgTe band gap, and the heavy-hole effective m
according to Beckeret al.,2 the temperature dependence
the six primary transitions from the initial subbandi to the
final subbandj have been calculated:

dEi 2 j

dT
5 f S dEg~HgTe,T!

dT
,

dL

dT
,

mhh*

dT D . ~5!

The theoretical intersubband transition energies have b
determined from the ratio of the calculated transmission
Eq. ~1!, with the exception of energies of an unresolved tra
sition, i.e., L2-E2, which have been determined from th
band structure. All values are plotted together with the
perimental results in Fig. 7 and are obviously in good agr
ment with the experimental values. The agreement is ex
lent for H2-E2, but is not as good for transitions a
progressively higher energies as expected for a perturba
theory or for unresolved transitions.

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!.14,15As men-
tioned above, values for the well and barrier widths via x-r

/

K.

FIG. 7. Experimental values of the observed intersubband t
sitions fromda/dE ~open circles! and TT1DT /TT2DT ~solid circles!
together with theoretical results ~lines! for a HgTe/
Hg0.05Cd0.95Te~112!B SL, Q944, as a function of temperature.
2-5
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diffraction are more accurate; however, the Cd concentra
in the barriers is appreciably lower, 0.70 instead of 0.95. T
has an important consequence. The absorption edges a
to a factor of 2.5 broader, apparently due to greater a
fluctations in the barriers.29

The experimental and theoretical absorption coefficie
and their derivatives for a~001! SL, Q1667, at 10 K are
plotted in Fig. 8. Agreement between experiment and the
is good, as is the case for the~112!B-orientated SL, Q944
and for two additional~001!-oriented SL’s not shown here
Because the band structure for these two orientations is s
lar, theE1-H1 andL2-H1 intersubband transitions are als
strongly influenced by the electron density for the~001! ori-
entation. This is illustrated forE1-H1 in Fig. 9 in which the

FIG. 8. The experimental~thick line! and theoretical~thin line!
absorption coefficients and their first derivatives~thick and thin
dashed lines, respectively! for a HgTe/Hg0.3Cd0.7Te~001! SL,
Q1667, at 10 K.

FIG. 9. The experimental~solid line! and theoretical~dotted,
dashed, and dash-dotted lines! absorption coefficients and their firs
derivatives for a HgTe/Hg0.3Cd0.7Te~001! SL, Q1667, for three dif-
ferent electron concentrations at 10 K.
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theoreticala for three values ofn are plotted together with
the experimental absorption coefficient. The sharp peak
da/dE at low carrier densities shifts to higher energies a
becomes broader with increasing densities. And as is the
for Q944, two broad steps are expected at higher carrier c
centrations, which are due to the Burstein-Moss30 shifted
E1-H1 intersubband transition and theH4-H1 transition for
k.0. Again demonstrating that a rough estimate ofn can be
obtained from transmission measurements.

The intersubband transition energies for Q1667 are p
ted as a function of temperature in Fig. 10. Results from
transmission ratio method are represented by solid cir
and those fromda/dE by open circles. Here these two met
ods are also nearly equivalent and there is less scatter in
data from the transmission ratio method. Since features ia
are much less pronounced in the~001!-oriented SL’s, the
transitions involving the LO phonon were not observed. T
calculated temperature dependence of the observed inte
band transitions, which are displayed as lines in Fig. 10
obviously in good agreement with the experimental valu
As can be seen, agreement is better for transitions at lo
energies, especially forH2-E2, as is expected for a pertu
bation theory.

V. CONCLUSIONS

Intersubband transitions and their dependence on t
perature in semiconducting HgTe/Hg12xCdxTe superlattices
with an inverted band structure have been investigated
the ~001! and ~112!B orientations.k•p calculations in the
envelope function approximation using the full 838 Kane
Hamiltonian are in good agreement with experiment. R

FIG. 10. Experimental values of the intersubband transition
ergies from the maximum value ofda/dE ~open circles! and the
ratio of the transmission spectra (TT1DT /TT2DT , solid circles!, to-
gether with theoretical results~lines! for a HgTe/Hg0.3Cd0.7Te~001!
SL, Q1667, vs temperature.
2-6
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INVERTED BAND STRUCTURE OF TYPE-III . . . PHYSICAL REVIEW B 68, 035202 ~2003!
cently published values forL(T), Eg(HgTe,T), and mhh*
from an investigation of HgTe/Hg12xCdxTe superlattices
with a normal band structure have been employed. Of the
observed intersubband transitions, the temperature de
dences of three are positive and those of the other three
negative. Transitions have been observed in a~112!B-
oriented SL, which involve theH2-E2 andH3-E3 intersub-
band transitions, and the LO phonon. Furthermore,
charge carrier density strongly influences theE1-H1 and

*Electronic address: becker@physik.uni-wuerzburg.de
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ited by G. Höhler and E. A. Niekisch~Springer-Verlag, Berlin,
1983!, Vol. 98, p. 119.
2-7


