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Electron-Mass Anisotropy in Type-III HgZnTe-CdTe Snperlattices
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Cyclotron-resonance experiments done in a novel superlattice, HgZnTe-CdTe, provide the first deter-
mination of the conduction-band dispersion in a type-III superlattice. The measured electron-mass an-

isotropy is strongly dependent on the CdTe layer thickness, in agreement with band-structure and
Landau-level calculations. These calculations show also that the studied superlattices are semimetallic,
consistent with the large valence-band off'set (300 meV). Another cyclotron-resonance transition is ob-
served, evidencing strongly the formation of a two-dimensional electron gas.

PACS numbers: 73.40.Lq, 73.20.Dx, 78.20.Ls

II-VI superlattices (SL) formed with CdTe and a
zero-gap mercury-based compound have been termed
"type-III" SL's because of the unique inverted band
structure of the zero-gap material. They can be semi-
conducting or semimetallic, ' depending on the layer
thickness and on the valence-band offset A, as noted pre-
viously in HgTe-CdTe SL's. High electron and hole
mobilities ' have been reported in some type-III SL's,
corresponding to the extremely small in-plane electron
and hole effective masses in the nearly zero-gap SL's.
Investigations of the carrier dispersion relations in the
plane of the layers and along the SL axis are of particu-
lar interest in these novel systems and can be achieved by
cyclotron-resonance experiments, as reported in GaAs-
AIGaAs and in p-type HgTe-CdTe SL's. Here we de-
scribe the first cyclotron-resonance measurements on
high-electron-mobility HgZn Te-CdTe SL's grown by
molecular-beam epitaxy (MBE) in the [100] direction.
The SL electron cyclotron resonance is observed for
magnetic fields both perpendicular and parallel to the
growth axis. We show that band-structure and Landau-
level calculations, which are absolutely necessary to un-
derstand the unusual features of type-III SL's, can ac-
count for the data, in particular for the observed mass
anisotropy, if the samples are semimetallic. From these
results, the value of the valence-band offset in this new

system is discussed. A second electron cyclotron-
resonance transition is observed, evidencing a charge
transfer from the CdTe buffer layer to the SL and the

formation of a two-dimensional electron gas (2DEG).
The SL's were grown by MBE on a (100) GaAs sub-

strate with a 2-pm CdTe buffer layer and consist of one
hundred periods of Hgl „Zn„Te-CdTe. The CdTe lay-
ers contain up to 15% HgTe. For each sample, the lay-
er thicknesses and the alloy Zn composition, as well as
the electron mobility p and concentration at 25 K, are
listed in Table I. The samples were prepared intention-
ally with thin CdTe barriers to study the carrier trans-
port along the SL axis and were n type in the tempera-
ture range investigated (2-300 K), with Hall mobilities
in excess of 2x 10 cm /Vs at low temperature.

At first we discuss the SL band structure and Landau
levels calculated in the envelope-function approximation,
as reported for HgTe-CdTe SL's. The band parameters
for CdTe are given in Ref. 8. For Hgl „Zn„Te, the
I 6-I s energy separation is extrapolated using x =0.12
for the semimetal-semiconductor transition at 2 K,
while the higher band parameters were taken identical to
those of HgTe. Figure 1 presents the band structure of
sample Si in the plane of the layers (k, ) and along the
SL growth axis (k, ). The calculations are done
for the two controversial values' of A in HgTe-CdTe
SL's (=40 meV ' and =300 meV"). E~, LH|
(HH|, HH2) denote the first light-particle (heavy-hole)
bands along k„respectively. The zero of energy is taken
at the CdTe valence-band edge. For A=40 meV [Fig.
1(a)], Sl is a semiconductor, E~ being the conduction
band, and HH| the highest valence band. For A=300

TABLE I. Characteristics of the superlattices used in this work. d[ and d2 are the HgZnTe
and CdTe layer thicknesses, respectively, and x is the Zn composition; n and p are measured at
25 K.

Sample

Sl
S2

dl
(A)

105
80

d2
(A)

20
12

0.053
0.053

P
(cm'/V s)

2. 1 x 105
2. 1 x 105

n

(cm ')

3.7x10"
2.6x 10'5
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FIG. l. Calculated band structure of Si (solid lines), which

is magnified in the inset for small k, . The dashed line in the
inset represents schematically the HH&-El anticrossing.

meV [Fig. 1(b)l, HHi and Ei exchange roles along k„
and the SL is semimetallic with a small negative energy
gap (= —2 meV). The most remarkable change be-
tween the two calculated band structures is the
conduction-band dispersion along k, . For A=40 meV,
the calculated conduction effective mass m, along k, is
extremely small and the conduction band is nearly iso-
tropic around k=0. On the contrary, for A=300 meV,
it is dispersionless for 0 & k, & O. lx/d, corresponding to
a strong band anisotropy near k =0. There is, in fact, a
small anticrossing between HH i and E i along k, due to
the k-linear terms that we have neglected. Such an an-
ticrossing is also obtained in the LCAO calculations re-
ported in HgTe-CdTe SL's. The resulting dispersion of
the conduction band is schematically represented in the
inset of Fig. 1(b). m, is much larger than in the former
case (A=40 meV) while the in-plane mass m„ is ex-
tremely small near k„=O (= 2&& 10 mo), as a result of
the small HHi-Ei separation. ' From Fig. 1, it is clear
that the nature of the SL (semiconductor or semimetal-
lic) can be deduced from the measurement of the elec-
tron mass-anisotropy ratio m, /m„near k=0, for in-

stance from low-magnetic-field cyclotron-resonance mea-
surements. Note that when we include in the calcula-
tions the strain effects due to the 0.6% lattice mismatch
between the host materials as described in Refs. 12-14,
assuming that the SL lattice constant is the same as that
of the CdTe buffer layer, Si and S2 are found to be
semiconductors even for A=300 meV. But, in addition,
if one takes into account the presence of 15% of HgTe in

the CdTe layers, the resulting band structure is quite
identical to that shown in Fig. 1(b). Figure 2 shows the
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FIG. 2. Calculated conduction Landau-level energies in SI
in the (a) semiconducting and (b) semimetallic configurations.
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FIG. 3. Transmission spectra obtained at X=118 pm for
T=1.6 K.

calculated conduction Landau levels in Si when a mag-
netic field 8 is applied along the growth axis. Note the
very large nonlinearity of the Landau-level energies
versus 8 which corresponds to the strong nonparabolicity
of the conduction band along k (Fig. 1). The cyclotron
resonance corresponds to the 1 2 transition for A=40
meV (semiconductor) and to the —

1 0 transition for
A =300 meV (semimetal).

The magnetoabsorption experiments were done at 1.6
K using a molecular gas laser (A. =41-255 pm). The
transmission signal was measured at fixed infrared pho-
ton energies E, while 8 could be varied up to 12 T. Fig-
ure 3 shows the transmission spectra in Si and S2 at
X=118 pm for 8=0 (Faraday geometry), 45, and 90
(Voigt geometry), where 8 is the angle between the
direction of 8 and the SL growth axis. For 8=0, two
well-developed resonance lines (HWHM & 0. 1 T) are
observed, occurring at low 8 (& 1 T). When 8 is in-
creased, the transmission minima are shifted towards
higher magnetic fields. Note that a cosO dependence is
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FIG. 4. Energy of the transmission minima vs B. The solid
line at 0=0 is the calculated SL cyclotron resonance using
A =300 meV. The solid lines at 0&0 are the calculated transi-
tions using the ellipsoidal approximation as described in the
text. The dashed lines are only guides for the eye.

observed between 0=0 and 0=45 for the position of
the resonances. The energy of the transmission minima
is sho~n versus 8 in Fig. 4 for S~ and S2. For 0=0
[Figs. 4(a) and 4(b)], the two observed transitions ex-
trapolate to E =0 at 8=0 and are thus attributed to
electron cyclotron resonances taking into account the n-

type nature of the samples. The solid line in Figs. 4(a)
and 4(b) is the calculated SL cyclotron resonance using
A =300 meV (i.e., the —1~0 transition in Fig. 2). For
both samples, the agreement is quite satisfying and one
can therefore reasonably consider that the lower-field
line is due to the. SL electron cyclotron resonance. The
cyclotron masses determined at low 8 (&0.2 T) are
m =2.5 & 10 mp and 3.6x 10 mp for S~ and S2, re-
spectively, in good agreement with I values determined
from the dispersion relation near k =0. Such masses
are considerably smaller than the electron mass in bulk
Hgp 95Znp p5Te which is = 1 .5 x 10 rn p. Indeed, in a
type-III SL, the in-plane electron and hole masses result
from the k p interaction between HH~ and E i along k„,
and the situation is quite similar to that encountered in
bulk Hg Cd~ —„Te near the semimetal semiconduc-
tor transition. ' The HH[-E] separation energy is cal-
culated to be a few meV's in S~ and S2 for A =300 meV.
Besides, one has to consider that, in heterostructures
grown in the [100] direction, a charge transfer could
occur between the CdTe buffer layer and the SL, as re-
ported in (100) HgCdTe-CdTe heterostructures. ' The
higher™field resonance could thus be interpreted as the
electron cyclotron resonance of the 2DEG formed in the
SL at the interface with the CdTe buAer layer. The
electron 2DEG density, obtained from magnetotransport
measurements, is a few 10" cm as reported previous-
ly" in (100) II-VI heterostructures. For this density
range, it is well known that the 2DEG spatial extension

along z is very large in a small-gap material with light
electron eAective mass; for instance, in HgCdTe alloys, it
can be as large as =1000 A. ' In S~ and S2, the
small-gap material is the SL and the 2DEG extension
along z is expected to be much larger than the SL
period, even if an exact calculation would be very intri-
cate in that case. The 2DEG is therefore confined within
the SL and not simply in a single quantum well as in
usual modulation-doped III-V heterostructures. The ob-
servation of a larger cyclotron mass in the 2DEG, as
compared to the SL mass, is simply due to nonparaboli-
city eA'ects. Calculations done with A=40 meV could
also fit correctly the data at 0=0, even if the agreement
between theory and experiment is better with A =300
meV.

In the Voigt geometry (8=90'), the low-field transi-
tion shown in Figs. 4(c) and 4(d) corresponds to the SL
cyclotron resonance and occurs at magnetic fields for
which the cyclotron orbit radius is larger or comparable
to the SL period. The electrons are then forced to exe-
cute cyclotron motion by tunneling through the inter-
faces. We have not calculated the Landau-level energies
for 0~0 and, to interpret the position of the low-field line
as a function of 8, we simply assume that the conduction
band is ellipsoidal around 1=0. At low 8, the cyclotron
mass is given by ' m, =m„m, /(m, cos 28+ m, sin ~0),
yielding m, =(m„m, )'~ for 0=90'. From Figs. 4(c)
and 4(d), we deduce m, =0.10mo in S~ and m,
=0.019ep in S2. The experimental mass-anisotropy ra-
tio m, /m, at low 8 ( & 0.2 T) is =40 for S~ and = 5
for S2, and it decreases with the CdTe layer thickness, as
expected from the band-structure calculations. These
measurements clearly support the semimetallic character
of S ~ and S2. Indeed, calculations using A =40 meV (in
the semiconducting configuration) should give an anisot-
ropy ratio less than 2 for S~ [see Fig. 1(a)] and & 1 for
S2, far from the experimental values. The heavier m,
measured at low 8 shows that the conduction band is in
fact nearly Aat along k, near k, =0, in agreement with
the semimetallic band structure calculated for A=300
meV which is shown in Fig. 1(b) for S~. It is important
to point out that the experimental values of m, corre-
spond neither exactly to the HH~ dispersion relation
along k, nor to that of E ~, but to an intermediate disper-
sion. We believe that this is a consequence of the
HH~-E] anticrossing along k, . For photon energy larger
than 15 meV, the results in the Voigt configuration be-
come quite intricate and a detailed analysis of the data
would require calculations of the Landau levels for
0=90 . Furthermore, it is well known that cyclotron
resonance in the Voigt geometry does not occur at
co, =eB/m, but at a frequency co =(co, +co~) '~, where
m~ is the plasma frequency. As shown by the lower-field
transition in Figs. 4(c) and 4(d), we have not observed
any plasma shift of the SL cyclotron resonance, so that
Ace~ & 5 meV since this is the lowest photon energy in



VOLUME 62, NUMBER 17 PHYSICAL REVIEW LETTERS 24 APRIL 1989

the measurements. Even if the exact expression of co~ a
type-III SL is unknown, we believe that this is con-
sistent' with the low carrier density (= 10' cm )
measured in Si and S2 at 1.6 K. As a consequence of
the strong conduction-band anisotropy (m, »m ), the
cyclotron mass m, for 0 ~ 0 ~ 45, where sinO & cosO, is
given in the ellipsoidal approximation by m, = m /cos0.
This explains the cosine dependence observed for 0 =45
[solid lines in Figs. 4(e) and 4(f)], which could not be in-
terpreted in the semiconducting configuration.

The higher-field transition in Figs. 4(c) and 4(d) does
not extrapolate to B=O for E=0. Such a behavior was
also reported in p-type HgTe-CdTe SL and tentatively
identified as a spin-resonance line. Another possible ex-
planation is once again the existence of a 2DEG in the
SL at the interface with the buffer layer in the (100)
structures. For 8 parallel to the plane of a 2DEG with
several populated electric subbands, mixed electric and
magnetic levels are formed and transitions between hy-
brid levels can be observed as in InAs-GaSb heterojunc-
tions. ' Such transitions are found to extrapolate to a
finite value of B for E=O.

In conclusion, we have measured the conduction-band
dispersion in a novel type-III SL system, HgZnTe-CdTe,
from cyclotron-resonance techniques. The samples were
n type with a high electron mobility, while most of the
results reported previously on type-III SL's were ob-
tained on p-type materials. We have demonstrated that
the mass-anisotropy ratio increases very rapidly with the
CdTe layer thickness, which is an important result for
the applications of type-III SL's as new infrared materi-
als. The rather large anisotropy ratio measured at low
magnetic field shows clearly that the samples are sem-
imetallic and can only be interpreted theoretically by us-
ing a large valence-band offset A=300 meV between
Hg095ZnoogTe and Hgo i5Cd085Te, which corresponds to
A = 350 meV between HgTe and CdTe, in agreement
with XPS measurements. " Calculations using A=40
meV can account for the in-plane cyclotron resonance
but not for the data obtained in tilted magnetic field.
We have also checked in a similar SL corresponding to a
semiconductor situation that the measured masses
(m„m, ) are in good agreement with the calculated E i

band dispersion for A=300 meV. Finally, the existence
of a 2DEG at the interface between the CdTe buffer lay-
er and the (100) SL is strongly evidenced and charge-
transfer effects must be considered in (100) mercury-

based heterostructures.
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