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Magneto-Optical Investigations of a Novel Superlattice: HgTe-CdTe
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Far-infrared magnetoabsorption experiments done in a HgTe-CdTe superlattice are
presented. From the results, which are interpreted in terms of interband transitions
from valence to conduction subbands, the superlattice band structure has been deduced.
These investigations show, in particular, that this superlattice is a quasi zero-energy-
gap semiconductor, and yield the first determination of the offset between the HgTe and

CdTe valence bands.

PACS numbers: 78.20.Ls, 73.40.Lq, 78.65.Jd

For about the last ten years there has been
strong interest in semiconductor superlattices
(SL) fabricated from III-V compounds, such as
GaAs-Al,Ga,_,As and InAs-GaSb structures for
example. Quite recently Faurie, Million, and
Piaguet! have reported the successful growth by
molecular-beam epitaxy (MBE) of a novel system
involving II-VI materials, namely HgTe-CdTe
superlattices.

We wish to report the first investigations of the
electronic properties of a HgTe-CdTe superlat-
tice from far-infrared magnetoabsorption experi-
ments performed at low temperature. The optical
transitions observed under magnetic field are in-
terpreted by fitting the data with theoretical cal-
culations done in the envelope-function formal-
ism.? These results demonstrate that the struc-
ture under investigation is actually a HgTe-CdTe
superlattice displaying electronic properties
which are found neither in bulk HgTe and CdTe
materials, nor in the ternary random alloy
Hg,.,Cd Te. This superlattice is a quasi zero-
energy-gap semiconductor, resulting from an
accidental band degeneracy. From these studies,
we deduce the valence band offset A at the HgTe-
CdTe interface, and the SL band structure along
the growth axis. At a low magnetic field, the
electron effective mass in the plane of the layers
is strongly nonparabolic and much lighter than in
bulk HgTe,® an effect due to the peculiar band
structure of our superlattice. Finally, with in-
creasing magnetic field, the ground electron sub-
band behavior changes from three-dimensional
to two-dimensional, which is a unique feature,
also understood from the SL band structure.

Before describing the data, we calculate the
band structure of our superlattice, which was
grown' by MBE on a (111) CdTe substrate and
consists of 200 alternate layers of HgTe and CdTe,
whose thicknesses are d, =180 and d, = 44 A, re-
spectively. The band structure of bulk HgTe and
CdTe is shown in Fig. 1(a). That of the HgTe-~
CdTe superlattices has been obtained from two
methods, namely the linear combination of atom-
ic orbitals (LCAO) approach® and the envelope-
function scheme,? which is the one used here. A
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FIG. 1. (a) Band structure of bulk HgTe and CdTe.
The e, hh, and lh indices correspond to electrons,
heavy holes, and light holes, respectively. (b) Cal-
culated band structure along q of the superlattice under
investigation here.
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SL state is labeled by a subband index (HH,, E,,
k,,...), a SL wave vector q (-7/d <q < w/d,
where d is the SL period), and a two-dimensional
wave vector K, which is perpendicular to the
growth axis z. At K, =0, there exists an exact
decoupling between the heavy-hole states (I", "™
in CdTe, I';" in HgTe), and the light-particle
states (I';'" and I'y¢ in CdTe, I'y¢ and I'g!"in
HgTe). Hall measurements show that the sample
is p type for T'<20 K, so that the overlap A
=Er, "8 -E r, CdTe jg positive; otherwise,
charge transfer would occur between CdTe and
HgTe, leading to an n-type structure. Hence, for
the heavy holes, the CdTe layers act like poten-
tial barriers. As shown later from the analysis
of the data, A ~40 meV and the calculated SL
band structure® is given in Fig. 1(b), the energy
origin being taken at the top of the I',; valence
band of CdTe. The ground heavy-hole subband
HH, is almost dispersionless and is located ~2
meV below the I'y HgTe band edge. The light-
particle spectrum is much more intricate. In

the energy range of interest (0 <E < A), the rele-
vant bands are I’ in HgTe and I';'" in CdTe.

In a first approximation they display the same
symmetry (P-like, I'y;). To get a first hint of the
qualitative aspect of the SL light-particle states,
we may use a simple plane-wave analysis. The
carrier effective mass is positive in HgTe
(~0.03m,) and negative in CdTe (~ —0.15m,).

One should ensure the conservation of the wave
function and of the probability current at the inter-
faces, including therefore this mass reversal.
This leads to a lack of confinement of the ground
conduction subband E; resulting in a quasi zero-
energy-gap structure, as can be seen in Fig. 1(b)
which corresponds, of course, to more sophisti-
cated calculations done in the envelope-function
approximation. The confinement energy may even
vanish or become negative (i.e., E; <A) if d is
large enough, For d,/d,~4, E, <A if d > 250 A,
Concomitantly, the E, bandwidth AE, along q
drops sharply with increasing d: AE, =12 meV
for d =224 A and AE, <1 meV for d > 450 A. When
E, is below HH, at ¢=0, the superlattice is semi-
metallic, in agreement with Hall measurements
done in a (400 A)HgTe-(150 A)CdTe SL which
show that this structure is » type down to the low-
est temperatures used (10 K), while the (180
A)HgTe-(44 A)CdTe SL studied here changes from
n to p type for T ~20 K, a well-known behavior

in bulk HgTe.” Finally, the topmost light-hole
subband 4, [Fig. 1(b)] is always found in the for-
bidden energy gap (0, A) for the d, /d, ratio under
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consideration: For d=224 A, /,(¢=0)=33 meV
and A&, =10 meV,

The far-infrared magnetoabsorption experi-
ments reported here were done at 1.6 K using,
as infrared sources, a molecular laser and
Carcinatrons. The transmission signal, ob-
served at fixed photon energies in the Faraday
geometry, was detected by a carbon bolometer,
The magnetic field, B, was provided by a super -
conducting coil and could be varied continuously
from 0 to 10 T.

Figure 2 shows typical transmission spectra as
a function of B obtained for different infrared
wavelengths A, B being perpendicular to the plane
of the layers (6 =0). Figure 3(a) gives the energy
positions of the transmission minima (i.e., ab-
sorption maxima) as a function of B from the data
presented in Fig, 2, As shown below from quanti-
tative analyses, the observed optical transitions,
which are denoted 1-0, 2-1, and 3-2 in Fig, 3(a),
correspond to interband transitions at g=0 from
HH, to E; Landau levels. They extrapolate to an
energy #v~0 at B=0, as they should for a quasi
zero-gap semiconductor. None of the curves pre-
sented in Fig. 3(a) can be due to electron cyclo-
tron resonance because the sample is p type at
low temperature, Furthermore, neither can
these results be due to hole cyclotron resonance
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FIG. 2. Typical transmission spectra as a function
of the magnetic field for different infrared wavelengths.
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FIG. 3. (a) Position of the transmission minima
(see Fig. 2) as a function of the infrared photon energy
E and magnetic field (full dots). The solid lines cor-
respond to theoretical fits described in the text. The
dashed line is only a guide to the eye emphasizing the
deviation between experiment and theory around 2.5 T.
(b) Same results for two values of ¢ (open circles and
crosses: experimental data; solid lines: theory) for
the {ransitions 1-0. The solid line for § = 45° corre-
sponds to a perfect two-dimensional behavior (cosf
law). (c) Calculated width AE; of theE, subband as a
function of B for n = 0.

because they would yield hole masses whichwould
be much too light. Figure 3(b) gives the same re-
sults for 6 =0 and 6§ =45° for the transitions noted
1-0. For B <0.3 T, we observe that the magnetic
field position of these transitions is independent
of 6, giving evidence for a three-dimensional
character. However, for B>1 T, it varies like
(cos6)™, which is a two-dimensional behavior in
a quasi zero-gap semiconductor,

To be quantitative, we should now calculate the
Landau levels of HH, and E,, the Fermi level E
being close to HH, because of the large heavy-
hole density of states. For finite K, (or finite B),
heavy complications occur and are associated
with the intricate I'g-band kinematics. In partic-
ular, the light- and heavy-particle states be-
come K, admixed, and we have not been able to
overcome all the difficulties induced by the finite

K,. Thus, to obtain the E, Landau levels, we
have used the approximate SL dispersion rela-
tions established previously? for finite K ,, ne-
glecting spin effects and replacing K ,2 by (2n
+1)eB/%, where n=0,1,... is the Landau-level
index. The HH; Landau-level energies have been
taken as dispersionless with ¢, so that HH,(»)
=HH, ~ (n+%)%ZeB/my;,, where myy is the heavy-
hole effective mass in bulk HgTe. Our model
depends on a single parameter A, all the others
being well-established bulk parameters, The
curves in Figs. 3(a) and 3(b) are theoretical fits
to the data using this model. The band gap and
hole (electron) effective mass of bulk HgTe are
taken equal®* to 0.3025 eV and 0.3m, (0.03m,),
respectively, while the band gap of bulk CdTe is
1.6 eV. The curve noted 1-0 corresponds to tran-
sitions from the »=1 HH, Landau level to the =0
E, Landau level at ¢=0. The other curves are
similar transitions with hole and electron Landau
indices which are »=2, 3 and n=1, 2, respective-
ly. Good agreement between experiment and the-
ory is obtained for A =(40 +10) meV, Note that
the experimental data could be interpreted almost
as well with the selection rule An=+1, except for
the first transition (1 —0). In particular, the
transitions 0 -1 (1 - 2) would practically coincide
with the transitions labeled 2 -1 (3 ~2) in Fig.
3(a), since most of the transition energies arise
from the conduction levels. Another feature
emerges from these fits, namely, the strong non-
parabolicity of the E, Landau levels, whose ap-
parent effective mass increases from 8x 10 ™3m,
(low field) towards the value of the electron ef-
fective mass of bulk HgTe* (0.03m,) at high field.
We have also calculated the width AE, of the E,
subband as a function of B for =0. The results
are given in Fig. 3(c), and they show that AE,; de-
creases rapidly with B, which can explain the ob-
served change from three-dimensional to two-
dimensional behavior. We believe that the very
light SL transverse mass of the E, subband found
at low field reflects the strong K +P interaction
between the E,, HH,, and %, subbands which are
very close at ¢=0 [Fig. 1(b)]. On the other hand,
from our calculations, E, and HH, (%,) are 13 (28)
meV apart at ¢g=n/d and B =0 which, along the
same interpretation, leads to slower upward shift
of E, at ¢=7/d than at ¢=0, explaining the de-
crease of AE, with increasing B. In addition,

one can see that the experimental data for the 1-0
transition deviate from the theoretical fit in Fig.
3(a) for B~2.5 T and for an energy ~15 meV.
This is likely to be due to an interband polaron

909



VoLUME 51, NUMBER 10

PHYSICAL REVIEW LETTERS

5 SEPTEMBER-1983

effect since the LO-phonon energy is 16 meV in
bulk HgTe.

Finally, we have also done magnetoabsorption
experiments at higher energy (300-400 meV) to
trace back the SL subband LH, derived from the
I',!" HgTe states (Fig. 1). In fact, the energy of

the observed transitions as a function of B extrap-

olates to 340 meV at B=0. They correspond to
interband transitions between Landau levels of
LH, and E, [Fig. 1(b)], since the band gap be-
tween LH, and E, at ¢=0 is, from our calcula-
tions, equal to 325 meV. Besides, the slope of
the observed transition energies versus B are
very well interpreted by our model. These ob-
servations rule out appreciable interdiffusion be-
tween HgTe and CdTe layers because, in the re-
sulting Hg, Cd,_, Te alloy, the corresponding band
gap would be smaller than 302.5 meV, its value*?
in bulk HgTe. Interdiffusion can also be discard-
ed from the results shown in Fig, 3. This is evi-
dent for non-zero-gap Hg,Cd,_, Te, and zero-gap
Hg,Cd,_, Te would lead® to a different nonpara-
bolicity effect.
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