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Cyclotron resonance is observed in a semiconducting n-InAs-GaSb superlattice by

measuring the change of the far-infrared-radiation (FIR) transmission in a magnetic field

at three different FIR frequencies. The angular dependence of the cyclotron resonance

position is measured and shows a two-dimensional behavior. The resonance observed is

attributed to an upwards shift of 145 meV of the InAs conduction band as a consequence

of the superlattice subband formation. A simple calculation leads to a value of 195 meV

for this shift.

I. INTRODUCTION

Superlattices (SL) are layered structures consist-

ing of periodically arranged alternative layers of
two different materials with a good lattices match.
Layer thicknesses are typically of the order of 10
to 50 times the lattice constant. The superlattice
periodicity superimposed on the lattices periodicity
leads to a division of the Brillouin zone into
subzones with boundaries at wave-vector values

k, =ntrld with d the superlattices periodicity, k
the superlattices wave vector and n an integer; z is
the direction perpendicular to the layers. In the
superlattice direction subbands are formed separat-
ed by small gaps. Therefore, superlattices have

dectronic properties which differ markedly from
those of the constituent materials. '

The most remarkable aspect of the SL band

structure is its anisotropy. If the layer thicknesses

are much larger than the de Broglie wavelength

there is no influence of successive layers of the
same material on each other. In this case the SL
behaves as a purely two-dimensional (2D) material
due to the quantum size effect, as long as the ener-

gy separation between successive subbands is large
compared with the thermal energy kT; if this con-
dition is not fulfilled, a simple three-dimensional

(3D) behavior of the individual layers will be ob-

served. For smaller layer thicknesses the interac-
tion between successive layers leads to a more

three-dimensional (3D) character of the SL band
structure. The degree of dimensionality can
be measured by the width of the subband; the
smaller the subband width the more the 20 char-
acter dominates. In this case the SL can be con-
sidered as a set of 2D electron gases. Due to the
research done on the metal-oxide semiconductor
field-effect transistor, the electronic properties of
such systems were studied extensively. '

Man-made superlattices have become a reality

through the development of the molecular-beam

epitaxial technique which made ii possible to grow
layers of a few lattice constants ' with very abrupt
interfaces. ' ' Up to now, superlattices have been

grown from GaAs, A1As, InAS, and GaSb, and

their alloy compounds. Thc saQ1plc used in thc
present experiments is made from InAs and GaSb.
These SL differ from GaAs-Ga„Ali, As SL be-

cause the GaSb valence band (VB) is higher in en-

ergy than the InAs conduction band (CB), whereas

in the former type the band gaps overlap. Band-
structure calculations of the InAs-GaSb SL have

shown that besides the usual subband formation, a
semiconductor-to-semimetal transition occurs
for layer thicknesses in excess of 100 k In addi-

tion, the strong energy dependence of the effective
masses involved can be used to verify the energy-
lcvcl structure by a determination of thc effective
mass by Shubnikov —de Haas' and cyclotron reso-
nance' measurements.
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In this paper, cyclotron resonance (CR) measure-
ments are reported; preliminary results of these
studies have been published before. ' Simple band-

structure calculations indicate that the thicknesses
of the superlattice layers of the sample under in-

vestigation here (654 InAs and 80-A. GaSb) lead
to a semiconductor (in contrast to a semimetal).
On this sample cyclotron resonance measurements
are performed as a function of the magnetic field
and of the angle between the plane of the SL and
the magnetic field using far-infrared radiation at
wavelengths A, of 118.8, 70.6, and 57 pm and high
magnetic fields (up to 15 T).

From the electronic mass determined by CR
with the magnetic field 8 perpendicular to the SL
plane, the subband energy is derived by fitting the
observed CR absorption to a theoretical model of
the line shape, incorporating nonparabolicity of the
conduction band, and interference and plasma ef-
fects. CR measurements as a function of the angle
between the direction of the magnetic field and the
direction perpendicular to the SL plane reveal that,
despite the considerable subband width (calculated
to be 14 meV, essentially a 2D character of the
subbands is observed. From Shubnikov —de Haas
measurements and the subband energy obtained
from the CR measurements, the Fermi energy is
determined experimentally. Good agreement is
found with the Fermi energy calculated on basis of
a 2D density-of-states function and the experimen-
tal determined value of the carrier concentration.

II. InAs-GaSb SUPERLATTICE
BAND STRUCTURE

Band structure of superlattices was initially cal-
culated with the one-dimensional, Kronig-Penney
model, applied to quasifree electrons with the ef-
fective mass of the bulk materials. ' This pro-
cedure gives accurate results for the Ga„A1~ „As-
GaAs superlattices, because the band gaps of the
two materials overlap, and a simple square-wave-
modulated potential for the CB and VB results.

For InAs-GaSb SL, this simple procedure can no
longer be applied. From values for the electron af-
finities of InAs and GaSb it follows that the InAs
CB must be 140 meV below the GaSb VB. From
analysis of optical data of InAs-GaSb type of su-
perlattices" and of I-V characteristics of InAs-
GaSb heterojunctions, ' it is found that for the
InAs CB 150 meV below the GaSb VB, the best
agreement between theory and experimental data is
obtained. Despite these uncertainties in the exact
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FIG. 1. Band structure of an InAs-GaSb superlattice.
The left panel shows, how subbands are formed from the
original InAs conduction band and the GaSb valence
band. The right panel shows the resulting band struc-
ture. The calculations were performed for layer thick-
nesses of 65 A (InAs) and 80 A (GaSb); d =145 A.

band lineup it is clear that these different bands
are so close to each other that the simple Kronig-
Penney model cannot be applied directly. Two ap-
proaches have subsequently been used to calculate
the band structure of such superlattices. One is

based on a method of linear combination of atomic
orbits, ' the other on the matching at the interfaces
of the Bloch wave functions and their spatial
derivatives of the basic materials. 9 Using the latter
method, the superlattice band structure in the z
direction (perpendicular to the layers in the xy
plane) has been calculated. The result for the sam-

ple used in the present experiments (65-A InAs,
80-A GaSb) is shown in Fig. 1. Table I summa-

rizes the sample parameters and the results for the
parameters of the band-structure calculation.
Band-gap energy values of 0.41 eV for InAs and
0.82 eV for GaSb were used, while the values for
the effective mass of the electrons and the light
holes were taken as m, =0.023mo and

mj, ——0.053mo. As mentioned above, the position
of the bulk InAs CB was taken as 150 meV below
the GaSb VB edge.

As expected the Brillouin zone is divided into
subzones with boundaries at k, =m. /d and sub-
bands are formed. However, it should be em-
phasized that while the origin of the subbands in
the simple Kronig-Penney model is a potential
difference between adjacent materials, here they are
caused by the orthogonality of the CB and VB
wave functions. Apart from an upwards shift of
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TABLE I. Superlattice sample characteristics.

InAs layer thickness
GaSb layer thickness
Number of periods
Carrier concentration (Hall measurement)
Carrier mobility (Hall measurement)
Subband-edge energy
Subband width
Calculated Fermi energy (above first subband)
Measured Fermi energy (above first subband)

6S A
80 A
125
4.8 &(10' cm
7300 cm /Vs
195 meV
14 meV
40 meV
38.4 meV

the CB and a downwards shift of the VB edges
with respect to those in InAs and GaSb, respective-

ly, the dispersion relation in the (x,y) direction is
not affected by the superlattice configuration. The
right panel of Fig. 1 shows the resulting band
structure of the superlattice: small subbands in the
z direction and the original bulk dispersion relation
in the (x,y) direction. Since the superlattice under
investigation is doped with donors, one has to con-
centrate on the lowest conduction subband. In par-
ticular, the effect of a magnetic field in the z direc-
tion can be calculated in the following way. The
original bulk InAs CB in the two-band k-p approx-
imation is given by

bulk InAs, and E~(Et,B) can be calculated from
Eq. (2). The effective mass in the z direction can
be derived from the curvature of the calculated E&
subband, while the effective mass in the (x,y)
direction is given by the energy dependence of the
effective mass in InAs. Figure 2 shows the results
for the effective mass in both directions for the
lowest CB of the superlattice under investigation.
The mass in the z direction varies from + 0.052 at
the bottom of the subband to —0.07 at the top of
the subband and is generally much larger than the

0.35

, (k„'+k,'+k,')=E 1+

with mc the band-edge effective mass, t}1 Planck's
constant, E the energy measured from the band
edge, (k„,kz, k, ) the wave vectors in InAs, and EG
the band gap of the bulk InAs. In a superlattice
the lowest energy occurs for k„=k„=o,and at a
value of k, dictated by the superlattice periodicity.
The energy corresponding to this value is E&, the
shift of the superlattice subband with respect to the
InAs band edge. If a magnetic field is applied
parallel to the z axes, the term with k„and ky has
to be replaced by (N+ , )(fieBlm —c) due to the
Landau quantization. As a result one gets for the
energy levels in a magnetic field:
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and for the effective mass:
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where mo is the effective mass at the band edge of
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FIG. 2. Anisotropy of the effective mass in the con-
duction band of a superlattice with layer thicknesses of
6S A (InAs} and 80 A (Gasb}. m,

* is calculated numeri-

cally from the subband curvature, m„*~ from the energy
dependence of the effective mass in InAs.
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effective mass in the (x,y) direction except from a
small energy range around k, =0 and k, =irld.
The mass in the (x,y) direction is the same as that
for bulk InAs, but now taken at an energy E„the
shift in the InAs CB edge is due to the superlattice
structure.

III. EXPERIMENTAL DETAILS
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The experimental setup to study cyclotron reso-
nance in a n-InAs-GaSb superlattice is shown in
Fig. 3. Far-infrared radiation (FIR) transmission
is observed at a fixed frequency as a function of
the magnetic field. The radiation is generated with
an optically pumped CHsOH/D FIR laser. Three
different wavelengths are used, namely A, =118.8,
70.6, and 57.8 LMm. By dividing the transmission
signal with a signal directly obtained from the
laser beam, fiuctuations in the transmitted signal
due to laser instabilities could be drastically re-
duced. Both signal and reference signal are
mechanically chopped at 23 Hz and detected by
two He-cooled bolometers using conventional
phase-sensitive methods.

The FIR radiation was focussed onto a 5)&1
mm exit slit just above the sample with the use of
oversized lightpipes (9 mm i.d.). The sample itself

was glued to a tablet which could be rotated from
the top of the insert, inside a variable temperature
cryostat (see Fig. 3). Magnetic fields up to 15 T
are generated by a Bitter coil of the Nijmegen
High Magnetic Fields Installation. ' The configu-
ration of the superlattice is shown in .Fi . 4 and
consists of 125 alternating layers of 65- InAs and
804 GaSb grown on a planparallel [100]-oriented
semi-insulating GaAs substrate by the molecular-
beam epitaxial technique. '*'7 To avoid dislocations
due to the lattice mismatch of the GaAs substrate
with InAs, an insulating 15004 transition layer
was grown from GaAs to InAs. ' The lattice
mismatch between InAs and GaSb is well below
1% which is better than required for a smooth
heteroepitaxial interface. The layer thicknesses
were determined from the calibrated growth rates.
The electron concentration and the mobility were
determined from Hall measurements. The sample
was intentionally doped with Sn to obtain the
desired carrier concentration. The sample parame-
ters are summarized in Table I.

IV. CYCLOTRON RESONANCE
MEASUREMENTS

The FIR transmission of the superlattice as a
function of the magnetic field 8, for 8 perpendicu-
lar to the superlattice plane, is shown in Fig. 5 for
wavelengths of A, =118.8, 70.6, and 57 p,m, respec-
tively. The measurements reveal broad but clearly
resolved minima which are interpreted as cyclotron
resonance absorption of the electrons in the lowest
conduction subband. It is well known from cyclo-
tron resonance measurements on a metal-oxide—
semiconductor field effect transistor (MOSFET)
that, for a layer carrier density. of 10"—10'
cm, which is of the same order as the density in
the present sam. pie, the transmission minimum
does not necessarily coincide with the position of
the resonance's 2 as a consequence of line-shape
distortion by plasma effects and interference ef-
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FIG. 3. Experimentsl setup (schemstic). . FIG. 4. Configurstion of the superlsttice.
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fects in the parallel substrate. It has been shown
that plasma effects in a 2D electron gas become
important if co&,r) 0 15. , where

co&, 4——mn, e. l(m'cn), with n, the layer carrier den-

sity, e the electron charge, m* the effective mass, c
the speed of light, and n the refractive index. This
condition is not fulfilled in the present experiment
and therefore, in the analysis of the line shape, the
influence of the flat substrate is dominant. To
analyze the data, the electromagnetic properties of
the superlattice are approximated by that of a
single-layer 20 electron gas on a parallel substrate.
This assumption is realistic because the phase of
the incident wave will not change significantly for
successive layers as the total superlattice
thicknesses (2 pm) is much smaller than the
wavelength. VA'th this approximation the SL
transmission as a function of the magnetic field
was calculated by a method previously used for
MOSFET's. ' However, it should be noted that
while in the case of MOSFET, the effective mass
itself is the quantity of interest, here the superlat-
tice effective mass is related to the InAs CB edge
effective mass and the energy shift E& by Eq. (3).

C)
CA
C/l

E
EA

CO
1

A=57 pm
p. , Q.

10 15

magnetic field (T)

FIG. 5. Measured (solid line) and calculated CR
transmission line shapes of an InAs-GaSb superlattice.
For the calculations a subband shift of E~ ——145 meV is

used, while the peak transmission and the interference
parameter are fitted to the data. The dotted curves are
calculated for E& ——145 meV, r=1.8X10 ' s, and a
14-meV subband width. The circles indicate a fit with a
scattering time r=1.4)&10 ' s.

Therefore, the CR experiment measures indirectly
this energy shift E&.

Owing to the energy dependence of the effective
mass as expressed in Eq. (3), the Landau levels E~
and E~+ j between which cyclotron absorption
takes place have to be specified. The present sam-

ple is a degenerate material with a Fermi energy of
40 meV above the subband edge. Since transitions
take place between a Landau level below and a
Landau level above the Fermi energy, cyclotron
resonance absorption may occur between different
Landau levels for different magnetic fields as illus-

trated in Fig. 6. Finally, the third important
difference stems from the fact that simple calcula-
tions for the present superlattice lead to a subband
width of 14 meV, whereas subbands in a MOSFET
are flat. This value of 14 meV is of the same or-
der as the Landau-level splitting, and therefore
more than two subbands are involved in cyclotron
resonance absorption if the Fermi energy intersects
one or more subbands, as is also shown in Fig. 6.

To account for all these effects, the SL transmis-
sion under cyclotron resonance conditions was cal-
culated in several steps:

(1) For given values of the magnetic field 8 and
the energy shift E~, the Landau levels E~ are cal-
culated from Eq. (2).

(2) The values for X, E~, and E~+ ~
of the Lan-

dau levels, which are adjacent to the calculated
Fermi energy (40 meV above the subband edge),
are inserted in Eq. (3) to calculate the effective
mass.

(3) This value of the effective mass is used to
calculate the transmission from the standard ex-

pression for a 20 electron gas with a scattering
time r. ' '

(4) To account for the 14-meV subband width,
this procedure is repeated for E& increased in small

steps until E=E&+14meV, and the results for the
transmission are added.

In this way the SL transmission in a magnetic
field is calculated for the three frequencies used
and these can be compared with the experimental
data. The results are shown in Fig. 5. The ampli-
tude of the calculated transmission, the InAs sub-

band shift E~, and the scattering time r, are the
only adjustable parameters and they are fitted to
the experimental data. A very good fit with the
experimental results (indicated by the circles in

Fig. 5) is obtained with E~ ——145 meV and
r=1.4)&10 ' s. It should be emphasized that for
all three frequencies the same values for E j and r
were used.
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Fermi level to states above the Fermi level and correspond to a different energy spacing due to the energy dependence
of the effective mass. This illustrates the influence of the band structure on the CR line shape.

In the preceding discussion no attention has been
paid to the spin splitting of the Landau levels

which, through the nonparabolicity and the high g
factor (g = —15), ' can contribute to the cyclotron
resonance line shape. ' For pure InAs, the
difference in magnetic fields for the cyclotron reso-
nance transitions between the spin-up and the
spin-down Landau levels is about 0.25 T at -8 T,
and this difference must be greater than the cyclo-
tron resonance linewidth in order to be observable.
This was the case for the pure InAs samples stud-
ied in Refs. 21 and 22, but in our case, however,
the linewidth is much broader. In addition, the ef-
fect of the spin splitting is much smaller due to
the energy dependence of the g factor. If this ef-
fect should be taken into account in a manner con-
sistent with the two-band model, a term of the
form + —,gps8 must be added to the left-hand side

of Eq. (2). In this way, the energy difference be-
tween the cyclotron resonance transition for the
spin-up sill the sp1n-down Landau levels 1s calcu-
lated as 0.1 T at 8 T wh1ch ls deflillltely too
small to be observable in our situation. Further-
more, it is well known that the two-band model
underestimates the energy dependence of the g fac-
tor as compared with more elaborate calculations. '

At the energies of interest in our case (-180 meV

above the InAs band edge), the g factor is reduced
from g =—15 to g =—6.5 in the two-band model,
while more precise calculations ' predict g =0 at
185 meV. Therefore, we believe that the neglect of
the spin splitting in the present discussion is justi-
fied.

Using the standard formula for the energy
dependence of the effective mass in a nonparabolic
material, m* =

me�

(1+2E/EG), the mass at zero
magnetic field can be calculated for E=E&+Ez as
0.044mo (mo is the electron mass). Using this
value and the measured mobility, the scattering
time is calculated to be 1.8X 10 ' s, which is
somewhat longer than the one derived from the fit-
ting of the linewidth (1.4X 10 ' s). For compar-
ison, the fit to the line shape with v =1.8 )& 10
s is shown as the dotted line in Fig. 5. Both the
linewidth and the transport mobility did not vary
with temperature between 4 and 40 K.

The experimental value obtained for E& (EP'
=145 meV) is significantly different from the cal-
culated value of 195 meV. The main reason for
this discrepancy is probably due to the approxima-
tions used in the band-structure calculations for
the superlattice. The calculations were restricted
to a two-band k p model only and, more impor-
tantly, the band structure in the superlattice has
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only been calculated for k„=k» =0, which is in-

correct in the presence of a magnetic field. As the
value of Ei is not very sensitive to the difference
in energy between the InAs CB and the GaSb VB,
taken to be 150 meV, these uncertainties of these
relative positions cannot account for the observed

discrepancy.
In conclusion, the cyclotron resonance measure-

ments clearly show a significant mass enhancement
due to the lifting of the InAs CB by the superlat-
tice periodicity. Within the approximation of the
theory used there is a reasonable agreement be-

tween the calculated and measured subband shift.
In addition, the scattering time derived from the
CR linewidth is in fairly good agreement with the
one derived from Hall measurements.

V. SHUBNIKOV —de HAAS MEASUREMENTS

Figure 7 gives the derivative of the sample resis-

tance as a function of the magnetic field. This
measurement clearly shows oscillations with the
typical 1/8 periodicity as indicated in the inset.
These oscillations occur whenever a Landau level

crosses the Fermi energy. With the help of Eq.
(2) the periodicity of the oscillations 6(1/8) can be

calculated as

Ep 2E)
+ p 1+

Pl 0, 6
(4)

where Ep is measured with respect to the first-
subband energy, Ej. Using this equation, EF can
be obtained from the measured periodicity, since
the subband shift E~ has already been obtained by
the independent measurement of cyclotron reso-
nance. In this way one gets a Fermi energy of 38.5
meV. This value is in fairly good agreement with
the calculated value of 40 meV, obtained in the
usual way by integration over the density of states
until the measured carrier density is obtained.
This dose agreement justifies the use of 40 meV
for the Fermi energy in the fit to the line shape in
the preceding section.

Although there is a significant difference be-

tween the calculated and measured value of Ei,
there is a rather good agreement between the calcu-
lated and measured Fermi energy. The reason for
this is that both the calculated and measured Fer-
mi energy are measured from the edge of the sub-

band Ei and not from the bulk InAs CB edge.
Therefore, uncertainties in E, play only a second-

ary role through the effective mass which enters in
the expression for the density of states.

VI. ANGULAR-DEPENDENCE MEASUREMENTS

Figures 8(a) and 8(b) show the observed trans-
mission of the superlattice as a function of the
magnetic field for two wavelengths (A, =118.8 and
70.6 pm) for various orientations of the super-
lattice plane with respect to the magnetic field.

FIG. 7. Shubnikov —de Haas oscillations in the derivative of the superlattice resistance as a function of magnetic
field. The inset shows thc magnetic field values at which extrema occur (the arrows} as a function of the quantum
number N'. Note that N' is not the Landau-level quantum number because extrema in the derivative do not occur at
integer Landau-level numbers.
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The results show a substantial anisotropy of the
cyclotron resonance line, as would indeed be ex-
pected from the pronounced anisotropy of the su-

perlattice effective mass shown in Fig. 2.
In Sec. IV a value for the ac-scattering time,

r=1.4)& 10 ' s, was derived from the fit to the
cyclotron resonance line shape; this time corre-
sponds to a level broadening filr of 5 meV. As
can be seen from Fig. 2 the superlattice effective
mass in the z direction is small only in a small en-

ergy region close to k, =0 and k, =mid. Conse-

quently, the 5-meV level broadening will mask any
contribution of this finite effective mass to the an-

gular dependence of the cyclotron resonance, and
therefore the transverse mass can be considered to
be much larger than the longitudinal one. In this
case the angular dependence is simply that of a 2D
electron gas, and for the resonance position the fol-
lowing equation holds:

B„(p)=B„,(y=90')sing . (5)

Equation (5) is compared with the experimental
data in Fig. 8(c) and it can be seen that the experi-
mental results are well described for A, =70.6 pm
and somewhat less well for A, =118.8 pm. Howev-
er, as was discussed in Sec. IV, in the present sam-

ple the resonance position cannot simply be identi-
fied by the minimum in the transmission, due to
interference effects and plasma effects. These ef-
fects will certainly play an important role in a de-

tailed analysis of the angular dependence as by tilt-
ing the sample, due to its high refraction index, the
Poynting vector of the radiation outside the sample
parallel to the B field (Faraday configuration), will
make an angle with the B field inside the sample,
leading to a mixture of the Faraday and the Voigt
configurations. In addition, for the same reason
the path lengths of the radiation inside the sample
and the substrate will be different at different an-

gles, leading to different interference conditions. It
can be seen from the experimental spectra that
these effects do play a role as, especially for
A, =118.8 pm at angles far from 90', the transmis-
sion at high inagnetic fields exceeds the zero-field
transmission. Siinple model calculations of in-
terference and plasma effects"' show that such a
behavior is very easily observed under these condi-
tions, and for the parameters of the sample under
investigation deviations of the transmission
minimum from the resonance position of up to
15%%uo can occur.

VII. CONCLUSIONS

In conclusion, it can be stated that cyclotron
resonance is observed in a n-InAs-GaSb superlat-
tice. The resonance position is clearly different
from that of the bulk materials and can be related
to the band-edge InAs effective mass by taking
into account the shift in the InAs CB edge result-

(b) (c)
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e = 102'

0=90' 8

tlat = 66'
t)i = 54'

+ = 45'
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15 30

8 (Testa)
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FIG. 8. Angular dependence of the transmission of the superlattice as a function of magnetic field and orientation
for A, =118.8 and 70.6 pm. (c) shows the transmission minima of B plotted against P. The drawn line shows the
theoretical angular dependence of a 2D system.
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ing from the superlattice periodicity. This band-

edge shift is determined from the experimental
data as 145 meV. From simple band-structure cal-
culations, using a modified Kronig-Penney model,
a value of 195 mcV is obtained. The difference is
attributed to the fact that in the superlattice band-
structure calculations the subband structure is cal-
culated for k„=kz ——0 only, which is incorrect if a
magnetic field is present. Unfortunately, no de-

tailed calculations for the band structure of a su-

perlattice in a magnetic field have yet been per-
formed, and, strictly speaking, all band-structure
formulas used in the present paper have to be con-
sidered as only rough approximations. In view of
these facts there is a reasonable quantitative agree-
ment between measured and calculated values.
The position of the Fermi energy is measured with
the Shubnikov —de Haas effect to be 38.4 meV,
and this value is in good agreement with the 40
meV obtained from integration over the density of

states to obtain the measured carrier density.
From our analysis of the cyclotron resonance line
shape, a value for the scattering time r of
1.4)& 10 ' s is obtained which is somewhat short-
er than the value of 1.8X 10 ' s as was derived
from the dc Hall mobility. Finally, a measurement
of the angular dependence of the cyclotron reso-
nance position shows the essentially 20 character
of this superlattice.
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