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Oscillatory magnetoresistance (Shubnikov~de Haas) measurements have been used to
determine free-carrier effective masses in HgTe-CdTe superlattices. Measurements on an #-
type superlattice yield an electron mass that is in excellent agreement with theoretical results
from a tight-binding band-structure calculation. The p-type data are more complex, showing
evidence for a light-hole mass at low magnetic fields and a much heavier mass at fields above

2.0 T. This finding is also in agreement with the predictions of band-structure theory.

INTRODUCTION

New artificiaily structured H-VI narrow gap materials,
created by molecular-beam epitaxy (MBE) technology, are
characterized by their small effective masses and energy
gaps, as well as their nonparabolic energy bands. Systems
such as HgTe-CdTe superlattices are of great practical inter-
est because of the ability to separately “‘tune” both the band
gap and the effective mass to desired values for use in appli-
cations such as infrared detectors. Infrared absorption spec-
tra' and temperature-dependent intrinsic carrier densities
from Hall measurements®™ have been used to estimate vai-
ues for the energy gap. However, different measurements
must be made in order to extract effective masses, and these
have proven more difficult to carry out. In the past, extensive
studies on a wide variety of semiconductors have shown that
the Shubnikov—de Haas (SdH )} effect can be used as a valu-
able characterization tool for determining effective mass val-
ues.” Here we use the SAdH effect to determine effective
masses in both #- and p-type HgTe-CdTe I11-VI superlattice
materials.

In spite of the valuable information about material
properties that can be obtained from SdH studies, very little
work has been carried out on HgTe-CdTe superlattices. In
part this is due to the increased difficulty of growth for Hg-
based systems compared to the [1I-V materials. Only two
previous studies on p-type samples”® and two on #-type sam-
ples™® have been reported in the literature. In this paper, we
report on the observation and investigation of SdH oscilla-
tions in both #- and p-type HgTe-CdTe superlattices. Fur-
thermore, we have carried out a new and more extensive
study of p-type superlattices. Our data and analysis suggest a
possible resclution to the apparent contradiction between
previous SAH results reported by Woo and co-workers® and
those of Goodwin ef ¢/.? for p-type material.

# All experimental work carried out at the University of North Texas.
® Formerly at the University of North Texas.
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Ong ez al.” observed SdH oscillations and the quantized
Hall effect in high-mobility n-type samples of HgTe-CdTe
superlattices grown by a laser-assisted molecular-beam epi-
taxy method. The samples had thicknesses of 90 A for the
HgTe layers and 40 A for the CdTe. SdH oscillations could
only be seen at high fields ( > 2 T). They found indications of
two different electrons, one with sm* = 0.025m, and the oth-
er with one half this value. Further SdH studies on these
same samples were very recently carried out by Ghenim et
al® using a first derivative field modulation technique to
enhance the SdH daia. Their resulis indicated that three sub-
bands in the quantum well contribute to the conductivity
and that the intermediate SdH component has an electron
effective mass five times larger than the mass of the lower-
frequency SdH component. These results demonstrate that
the SdH effect can provide valuable information needed to
unravel the complexities of the HgTe-CdTe band structure.

EXPERIMENTAL WORK

HgTe-CdTe superlattices were grown on (112) CdTe
substrates with CdTe buffer layers with a Riber 2300 molec-
ular-beam epitaxy (MBE) machine. Bond pads were made
by evaporating Pb/In onto the sides of the delineated struc-
tures fo assure contacting to all the layers. Temperature-
dependent Hall measurements and variable field magneto-
conductivity measurements established the - or p-type na-
ture of the samples.

Measurements of the SdH oscillations were enhanced
by using ac magnetic field modulation and lock-in amplifier
techniques for fields up to 12 T. A Bessel function then mod-
ulates the usual SAH amplitude, reducing the oscillatory sig-
nal amplitude at high magnetic fields. Detection of the sec-
ond harmonic by the lock-in produces an output that is
similar to the second derivative of the dc SdH oscillations.
Spin splitting is often observed in SdH oscillatory structure;
higher harmonics are then necessary to take this into ac-
count. The resulting SdH expression becomes
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FIG. 1. Angular dependence of the SAH oscillations for p-type sample No.
99 showing a cos @ shift of the extrema that is typical of 22 behavior.
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where o, = 27B,,/PsB?, and B,, is the amplitude of the
small ac magnetic field. P, is the SdH period and 4, is the
phase factor for the §'th carrter component, and

R 52 , kpT{ mic\'"?
4@ =22 o gyrkel ,7(-——@-"156 )
; 2 B\ B e

Po STIRZ

-- er‘r,,‘_mg/s

cos(Rmmsgs/2)
sinh(RBTm/8B)

where T, _is the Dingle temperature, g5 1s the g factor, and

mp = m¥/my is the reduced effective mass for the S'th com-

ponent. f = 2rkgmgc/efi = 1.46 8 X 10° G /K. Generally,

only harmonics to order & = 3 are necessary for Eg. (1) to

adequately describe SdH data cutside the extreme quantum
limit region.
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FI1G. 2. 8dH oscitiatory data measured on a-type sample No. 203 along with
a theoretical synthesis using Egs. (1) and (2} with the inclusion of three
harmonic terms. Except for the large monatonic background present in the
experimental data at low fields, there is good agreement.
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RESULTS AND DISCUSSION

Resuits of SdH studies on several - and p-type superlat-
tices are sumimarized in Table §, along with sample growth
details. For the three samples in which SdH oscillations were
abserved, the shifts of the extrema versus magnetic field ori-
entation were found to have the cos 8 dependence that is
typical of 21D behavior. This is illustrated in Fig. 1, which
shows the SdH oscillations {second derivative of the oscillia-
tory magnetoresistance obtained from the ontput of a lock-in
amplifier} for sample No. 99 as the magnetic field is rotated
from the superlattice growth direction (8 =0") to the in-
plane orientation (90°).

The SdH oscillatory data at T = 1.6 K for an u-type
superlattice No. 203 are shown in Fig. 2. The electron effec-
tive mass may be derived from the temperature dependence
of the SdH amplitude, which is given in Fig. 3. Here we have
plotted the ratic of the amplitudes for various temperatures
and fit the usnal simple theoretical variation

Tsinh(BTm*/m,B) /T, sinh(BTm*/m,B)

to the data by choosing m* to give the best fit. As indicated
by the curve in Fig. 3, the data are well described by this
expression if one uses m* = 0.021 4 0.004m,,. Values for 7,
and the g factor can be obtained by synthesizing the oscilla-
tory data shown in Fig. 2 using T, and g as adjustable pa-
rameters. The synthesis shown in Fig. 2 is seen to be in rea-
sonable agreement with the datafor T, = 11 K, g = 30, and
¢= —u/4.

This experimental result may be compared with theo-
retical dispersion relations obtained using the tight-binding
superlattice band-structuore formalism of Schulman and
Chang.” The HgTe wells of sample No. 203 are too thick
(200 A) for a finite band gap to be opened due to quantum
confinement. In the band structure calculated for the appro-
priate well and barrier thicknesses,'” the conduction-band
minimum is at the I' point, while the valence band maximum
is slightiy off center at a finite in-plane wave vector (&, ).
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FIG. 3. Normalized SdH amplitudes as a function of temperature for sam-
ple No. 203. The solid line shiows the theoretical variation predicted from
Eq. (2) using only the first harmonic SdH term with m* = 0.021m,,

Seiler et af. 304



The energy overlap of the two bands is only 0.2 meV, and
both bands have very little dispersion in the growth direction
(k. ). Since the conduction-band minimum extends along
the entire &, axis, the electrons populate states with all &,
even at low temperatures. The calculated dispersion rela-
tions imply an in-plane electron mass of 0.024m,, at the zone
center (k, =0) and 0.C0i18m, at the zone boundary
(k, = w/d, where d is the superlattice period}. This “broad-
ening” of the electron mass is mild enough that to first order,
conventional SAH analysis should still apply. If we average
the two external values for the electron mass, we get a theo-
retical result that agrees almost exactly with the experimen-
tal determination.

The most extensive experimental results were obtained
for p-type sample No. 99. The temperature dependence of
the SdH oscillations for this sample are shown in Fig. 4. The
figure itlustrates that for 7> 15 K, the oscillations are almost
completely damped cut at these low magnetic fields. This is
also illustrated in Fig. 5, which plots the temperature depen-
dence of the low magnetic field oscillation amplitudes. Using
the analysis discussed above for electrons, the fit to the data
implies m* = 0.012 4 0.001m,. This indicates that at low
fields (0-2 T), light-mass carriers dominate the {ransport.

We were able to extend these SdH measurements vp to
much higher fields with the recent installation of a supercon-
ducting magnet at the University of Morth Texas. This has
permitted the observation of a more complex behavior in the
SdH oscillatory data as shown in Fig. 6. The data seem to
imply that there are two different sets of holes involved in the
transport processes, one dominating at low ficlds and the
other at high fields. Consequently, a two component synthe-
sis (§=1,2) was done using Eqs. (1) and (2) with
m3%, Ty, 85, and ¢5 as adjustable parameters. The resulting
parameters giving a best description of the data obtained by
this procedure are shown in Table . While the low-field data
{ <2 T) can be adeguately described by holes with low effec-
tive mass, the high-field data ( > 2 T') indicate carriers with a
much heavier mass (0.075m,). Also shown in Fig. 6 are the
results of fitting the data to a two-component synthesis. The
figure shows that the component that dominates at large B 1is
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FIG. 4. Temperature dependence of the SdH oscillations in p-type sample
No. 99 obtained in the low magnetic field region. The fact that the oscilla-
tions bave disappeared at 15 K at these low fields indicates a low effective
mass for the holes.
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FIG. 5. Normalized SdH amplitudes as a function of temperature for sam-
ple No. 99 at low fields. The solid line shows the theoretical variation pre-
dicted from Eq. (2) using only the first harmonic SdH term with
m* == 0.012m,,

nearly absent at small B. Although this would occur if the
high-fieid component had a very high Dingle temperature
(Tp =28 K), the high Ty, in conjunction with the heavy
mass would also make the amplitude of the high-field oscilla-
tions too small to be observable. We therefore conclude that
the differing behaviors at low and high B cannot be explained
by assuining the simultaneous presence of two hole species
with different masses. The data imply instead that the heavy
mass carrier that dominates at high magnetic fields is not
present at low fields.

‘We now show that such a result is actually expected on
the basis of theoretical band-structure considerations. If the
tight-binding calculation is applied to the weil and barrier
thicknesses appropriate for p-type sample Nos. 99 and 107,
both superlattices are predicted to have zero band gap.'' A
typical band structure® for this case is reproduced in Fig. 7.
When £, is near zero, the in-plane hole mass at small k, (see
the dashed curves in the figure) becomes guite small
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FIG. 6. Complex SdH ascillatory data measured on p-type sample No. 99
along with a theoretical synthesis from two component sets of holes. Only
relative amplitudes are shown; the actual SdH amplitude of the heavy mass
component is several orders of magnitude smaller than the light mass com-
ponent amplitude. Thus, a remarkable similarity can be obtained for the
parameters shown in Table I, but only if the heavy mass component ampli-
tude is artificially increased by several orders of magnitude in order to ac-
complish the two component synthesis shown.

Seiler et a/. 305

wrRewrioatet- 80Ty 20ttt 28:6:8E i Redistribativmsubiectto-AlP e ense orcopyrghtrsee-httplfap-aip.erGlabenilHghisant - Rornissions.



TABLE I. Summary of HgTe-CdTe superlattice properties determined by the SdH effect.

SdH Effective Dingle Mobility

period 2D concentration mass temperature at 42K g Phase
Sample (kGy ! (ecm™ %) (my) (K) (cm>/V s) factor factor
p-HegTe-CdTe(99)
70 layers N
HgTe(37 A)CdTe(19 A}
Light mass, low-
field component 0.115 4.2x10" 0.012 5.0 1.4 10 64 — /4
Heavy mass, high-
field component 0.016 3.0% 10" 0.075 28.0 0.27x 10 . 7/2
p-HgTe-CdTe(107)
100 fayers i 0.14 3.5 109 0.009
HgTe(84 A)YCdTe(37 A)
n-HgTe-CdTe(203)
65 layers ) 0.090 5.4x 10" 0.021 1.0 6.3 x10* 30 - 77/4
HgTe(200 A)CdTe(35 A)
n-HgTe-CdTe(204)
75 layers none = 10
HgTe(54 AyCdTe(50 A) seen
p-HgTe-CdTe(133)
75 layers i none 0.24 107
HgTe(43 A)CdTe(61 A) seen

( «0.02). However, with increasing &, the valence band dis-
persion becomes extremely nonparabolic. The theory pre-
dicts that for &, greater than ~0.01, the valence-band mass
becomes guile heavy, or even electronlike. Here k, is ex-
pressed in units of 277/¢, where a is the lattice constant. It is
well known that there is a correspondence between Landau-
tevel spacings as a function of magnetic field and dispersion
as a function of wave vector. Meglecting spin, the relation is
roughly

ko>[2eB(n+4)/fic}/?,

where i is the Landau level number. We find that for low #
one expects an abrupt increase in the hole effective mass
precisely in the region where the SdH behavior changes ex-
perimentally, i.e.,, B=~2 T. Besides explaining our data for
sample No. 99, the strong dependence of the hole effective
mass on magnctic field also clarifies the apparent contradic-
tion between the results of previous SdH studies on p-type
HgTe-CdTe superlattices. From the SdH data for B<1.4 T,
Goodwin ez al.? obtained a mass of 0.012:m,, which is in good
agrecment with the present low-field resuits. On the other
hand, Woo and co-workers® derived a mass of 0.3m,, from
SdH oscillations in a high-mobility p-type sample at much
higher magnetic fields (3-8 T). Without the use of the sensi-
tive ac magnetic field modulation technique, Woo and co-
workers® could not observe SdH oscillations at low 8. Thus,
the results of the two previous studies are not necessarily
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contradictory. As verified by the data for sample No. 99, one
expects a small mass at low B but 2 much larger mass at high
B (this possibility was noted by Woo and co-workers). Simi-
larly, it has recently been observed'? that cyclotron reso-
nance transitions, corresponding to holes with very light
mass in p-type HgTe-CdTe superlattices, disappear at high
8. In their place, a line corresponding to the presence of
heavy electrons appears at fields above =35 T.
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FIG. 7. Superlattice in-plane (&, ) and growth-direction (&, ) dispersion
relations for d,, = 84 A and d, = 29 A at T=0 K. The dashed curves
show the parallel electron and hole dispersion behavior for k, = 0.457/d
rather than &, = @, as indicated by the arrows (reproduced from Ref. 4).
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We saw above that the experimental data for a-type
sample No. 203 could be straightforwardly treated using
conventional 3dH analysis, giving an electron mass that
compares favorably with band-structure theory. However,
the analysis for narrow- and zero-gap p-tvpe samples is
much more difficult due to the unusual properties of the
valence band. As can be seen in Fig. 7, an anticrossing of the
E1l band (which has strong 4, dispersion) and the HHI
band (which is almost dispersionless} at some & ¢ leads to an
indirect band alignment. Although the band gap is predicted
to be less than 0.1 meV, the conduction-band minimum ex-
tends between § < &, < k ¢ while the valence-band maximum
spans the range k¢ <k, < #/d. Furthermore, the in-plane
hole effective mass is predicted to vary between
m*=0.001m, near &, =k{ and =0.02m, near &k, = 7/d.
Because of this severe mass broadening (by a factor of
=2 20), conventional SAH analysis is inapplicable and a new
theory will be required before a detailed interpretation of the
p-type data can be carried cut.

Although we cannot perform a detailed quantitative
analysis for p-type samples, the present results clearly show
the in-plane hoie effective mass to be small at Jow magnetic
fields. It has recently been pointed out'" that this implies 2
valence-band offset of at least 200 meV. When a small offset
is assumed (e.g., 40 meV), strain causes LH! (which has
heavy in-plane dispersion} tc be the uppermaost valence
band. The resulting band structure with 2 heavy in-plane
hole mass would be in contradiction with not only the pres-
ent data, but also with the results of recent magnetotrans-
port™* and magneto-optical studies.'”

In summary, carrier effective masses have been deter-
mined for both #- and p-type HgTe-CdTe superlattices using
the Shubnikov-de Haas effect. The electron and hole masses
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found are in agreement with predictions of band-structure
theory.
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