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Superlattice magnetophonon resonances in strongly coupled InAs/GaSb superlattices
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We report an experimental study of miniband magnetoconduction in semiconducting InAs/GaSb super-
lattices. For samples with miniband widths below the longitudinal optical phonon energy we identify a super-
lattice magnetophonon resonance caused by resonant scattering of electrons across the mini-Brillouin zone.
This resonant feature arises directly from the superlattice dispersion and total magnetic quantization (energetic

decoupling) of the superlattice Landau level minibands.
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I. INTRODUCTION

Semiconductor superlattices (SL’s) comprise alternating
layers of two or more semiconductor materials, leading to
the formation of continuous energy bands in the growth di-
rection, called minibands. The reduced Brillouin zone and
energy bandwidth of the SL allow measurements that probe
parameter spaces that are inaccessible in bulk semiconduc-
tors. Total quantization of the superlattice energy scheme can
be achieved by the application of a large magnetic field,
which suppresses inter-Landau-level miniband (LLMB) scat-
tering and allows the realization of a ‘“quasi-one dimen-
sional” or quantum box SL (QBSL) regime. This has led to
strong interest in the SL magnetoresistance and transport
characteristics.' The SL miniband structure can be engi-
neered such that in the QBSL regime optical phonon scatter-
ing is limited®’ by using narrow minigap and miniband
widths, leaving only weak acoustic phonon processes to dis-
sipate the electron energy. In this paper, we investigate mag-
netotransport properties of InAs/GaSb superlattices in the
miniband transport regime. In a previous publication® we in-
vestigated hot-electron magnetophonon resonance caused by
the LO-phonon-mediated hopping between Landau Wannier-
Stark states at low temperatures. In this paper, we study lon-
gitudinal magnetophonon resonances caused by the resonant
emission or absorption of longitudinal optical phonons in the
miniband transport regime for a range of SL structures at
high temperatures. Through a systematic study using differ-
ent miniband widths we identify a form of magnetophonon
resonance that provides evidence for the energetic decou-
pling of SL Landau level minibands, leading to suppression
of optical phonon scattering.

The Bloch frequency ({2) of a biased SL is given by ()
=eFd/f where F is the applied electric field and d is the
superlattice period. Superlattice transport at low tempera-
tures is characterized by two regimes. At low electric fields
where 7{) <A, where A is the SL miniband width, miniband
transport through extended SL states dominates. In the
simple Esaki-Tsu miniband transport model,® electron drift
velocity (v) is described by a scattered Bloch oscillator in
one dimension, v=uF/[1+(F/F.)?], where electron mobil-
ity u=eA7d?/2h%, F.=h/erd, and 7 is the scattering time.
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The main mechanisms that contribute to 7 are phonon scat-
tering, impact ionization, and interface roughness scattering.
At high electric fields, however, #{)> A, causing the mini-
band to split into localized Wannier-Stark-ladder (WSL)
states”!! and consequently miniband transport is no longer
the dominant process.

Despite the critical role of energy relaxation processes in
superlattices the magnetophonon effect'? has only received a
small amount of attention. It has been extensively studied in
bulk’3-15 and two-dimensional'® semiconductor systems,
where magnetophonon resonances (MPR’s) are observed as
magnetoresistance oscillations caused by resonant scattering
of electrons by optical phonons. The dominant electron-
phonon coupling in all III-V systems is with the LO phonon
due to the large electric polarization associated with these
modes. Conservation of crystal momentum limits the LO
phonon scattering to phonons near the Brillouin zone center
such that the LO phonon energy is essentially monoener-
getic.

The effects of MPR on the resistivity depend strongly on
the relative configuration of the applied electric and mag-
netic fields. In the transverse case (F L B), resonant momen-
tum relaxation causes magnetoresistance maxima to be ob-
served at precisely the MPR resonance condition

nw, = wyp, (1)

where w, is the cyclotron frequency, w; is the LO phonon
frequency, and én is an integer. At B fields that satisfy the
MPR condition, strong inelastic scattering occurs between
zero momentum states separated in Landau index by oén. In
the longitudinal configuration (F|B) considered in this pa-
per, the MPR is typically more complicated as direct LO
phonon emission and absorption processes between zero-
momentum states do not relax the electron momentum in the
electric field direction. In bulk materials, resonances occur
due to an interplay of different indirect scattering pro-
cesses.!*!” Extensive experimental observations of longitu-
dinal MPR (LMPR) in bulk III-V systems!®!'* reveal resis-
tivity minima which are displaced to B fields somewhat be-
low condition (1). Calculations for superlattices have
suggested both that resistivity minima!® should occur at
fields slightly below the resonance condition and that max-
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FIG. 1. (Color online) (a) Schematic of sample geometry. (b) Schematic of the sample potential profile for a 22-period SL without an
applied bias displaying the effect of sample-substrate and sample-cap inversion layers, which broaden the superlattice miniband and facilitate
electron injection into the structure. This schematic picture is supported by self-consistent k- p simulations.
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ima could occur
significantly below the LO phonon energy Polyanovskii
has also suggested that transitions from the top to the bottom
of the miniband will generate superlattice magnetophonon
resonances (SLMPR’s) at the condition

onhw,=hwro+A, (2)

where resonant LO phonon scattering between areas of high
density of states (DOS) at the top and bottom of the super-
lattice miniband enhances the current.

In contrast to the predictions of theory all experimental
observations of MPR in superlattices?>* have assigned
MPR features as resistance maxima, predominantly in
samples with low A and using the GaAs/AlAs system. A
significant enhancement of the resonant peak intensity, com-
pared with bulk material, has been reported and attributed to
the effect of the superlattice band structure. Noguchi et al.??
also observed that low A samples exhibited plateaus in the
oscillatory part of the magnetoresistance trace, which it was
suggested may provide evidence for Polyanovskii’s predic-
tions. Detailed studies by Gassot et al.?® also assigned LMPR
peaks as maxima in resistance but reported significant devia-
tions from the predicted MPR conditions. The analysis of the
GaAs/AlAs system is further complicated by the presence of
resonances attributed to both the GaAs and AlAs LO
phonons, which are approximately 25% different in energy.

This paper reports studies of the magnetophonon effect in
the type-II InAs/GaSb system, which has a low carrier ef-
fective mass (m"~0.05m,) allowing the study of transport at
cyclotron energies considerably above the LO phonon energy
(hwpp=30 meV). The analysis of the resonance is also sim-
plified because the LO phonon energies of the InAs and
GaSb layers are almost exactly equal. Tunneling between
adjacent superlattice layers is dominated by interband cou-
pling and is strongly k dependent. The interband coupling to
the barrier valence band states is strongly reduced for higher
Landau index (n) LLMB’s resulting in narrower miniband
widths® [A,(B)] and suppressing domain formation.

Throughout this report we will refer to all experimentally
observed resonances as LMPR features so as to distinguish
them from the MPR condition. This is important as the lon-
gitudinal configuration typically produces resonances
slightly shifted from the MPR condition.

II. EXPERIMENTAL METHOD

Experiments were performed on 100 period undoped
InAs/GaSb superlattices grown by MOVPE. Samples were
grown on n-type InAs substrates (carrier density ~35
X 1015 cm™ estimated from Shubnikov—de Haas measure-
ments) with 5000 A InAs buffer and cap layers. The ratio of
InAs/GaSb (a:b) is estimated from growth rates measured
using an in situ surface photoabsorption (SPA) technique.?
Samples were also characterized using x-ray diffraction
(XRD), allowing calculation of the superlattice period
(d=a+b).

For vertical transport measurements 150 um mesas were
defined using standard lithographic and wet etching tech-
niques. Ohmic contacts were made to sample and substrate
by evaporating 5 nm of chromium and 150 nm of gold. Pre-

TABLE I. Sample characteristics.

Sample no. d (A dippsidgasy” A,—0(0) (meV)© p¢
4577 166 0.29 2 56
4562 130 0.46 10 60
4561 126 0.50 13 59
4579 117 0.83 27 62
3756 93 0.82 48 67
4520 86 1.26 75 60

Measured with XRD.

PEstimated with SPA data.

“Estimated using k-p calculations (+15% error).

dEstimated from Stark cyclotron resonances and hot-electron MPR;
see Refs. 5 and 27.
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vious measurements>~’ on the same samples have identified
that transport is best described by a number of active periods
which is less than the nominal 100 periods grown. Reduction
in the number of periods is caused by the formation of InAs
inversion layers at the superlattice-substrate and superlattice-
cap interfaces [Fig. 1(b)]. Low-temperature measurements on
these samples identify two-dimensional electron gases with
carrier densities ~1 X 10'2 cm™2, from Shubnikov—de Haas-
like oscillations, which is consistent with the formation of
this structure. Electron wave functions in the miniband
couple with the inversion layer states causing a widening of
the superlattice miniband in some of the first and last periods
of the structure. The broadened miniband states are highly
conducting and allow electrons to be easily injected into the
miniband. The broadened miniband also exhibits negligible
voltage drop when the structure is biased, resulting in the
reduction of the number of active periods observed (p).

All measurements were performed in dc mode with two
contacts as displayed schematically in Fig. 1(a). R(B) mea-
surements in magnetic fields up to 19.5 T were performed

using a superconducting magnet system and a Keithley 236
source measure unit. Higher magnetic fields were obtained
using nondestructive magnets in the Clarendon Laboratory
Kurti pulsed magnetic field facility. The magnetic field pulse
was recorded using a pickup coil situated 2 mm below the
sample. Induced voltages during the magnetic field pulse are
removed by averaging two pulses of opposite polarity.
Pulsed field measurements were performed with Gage Com-
puscope 5 MHz transient recorder cards.

Sample characteristics were simulated with k-p theory®®
solved using the envelope function approximation® in mo-
mentum space.’® Sample characteristics are summarized in
Table 1. Fourier transform magnetoabsorption spectroscopy
was used to observe the superlattice energy gap which allows
refined estimation of the ratio a:b and shows that miniband
width estimates in Table I are correct within to +15%. k-p
simulation of the superlattice Landau miniband fan are later
used to predict the position of MPR features. An example of
a SL Landau miniband fan is presented in Fig. 2 for sample
4561. All samples display a large separation between the first
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FIG. 3. I(V) characteristic of samples 4577 and 4562 at T
=80 K and 3756 at T=77 K.

and second conduction minibands (~400 meV for 4561)
such that for the bias values used in this study only conduc-
tion through the fundamental miniband needs be considered
[Fig. 2(b)]. Simulation results also clearly display a strong
suppression of miniband width with increasing magnetic
field, which is stronger for higher-index Landau levels due to
the higher energy of these states [Fig. 2(c)].

III. RESULTS

I(V) curves for three samples are displayed in Fig. 3 and
are characteristic of the response of all superlattices studied
in this paper. We observe conventional miniband transport
characteristics with a region of Ohmic miniband transport at
low bias followed by a miniband transport peak identified as
a shoulder in the I(V) trace (for example, at ~200 mV for
sample 4577 and ~600 mV for sample 3756). For sample
4577 we observe a second shoulder at ~1250 mV that is
attributed to electron-phonon resonances in the Stark hop-
ping regime,’!*? as discussed in a previous publication on
hot-electron MPR observed in the WSL regime for the same
sample set.’

R(B) curves for sample 4577 [Ay(0)=2 meV] are dis-
played in Fig. 4(a) for bias in the range 0— 1000 mV and T
=80 K. R(B) traces are analyzed by plotting d*R/dB> to re-
move the monotonically increasing background resistance
and identify weak resonances [Fig. 4(b)]. In plots of
d’R/dB?, maxima correspond to resistivity minima in the
equivalent R(B) trace. In this paper we will use the simplifi-
cation that the additional resistivity maxima and minima
caused by the resonant scattering processes refer to minima
and maxima in d’R/dB?, respectively, a simplification in dis-
cussion often used when discussing MPR features.’® Plots of
d’R/dB? display strong maxima features at B~ 13,15 T and
B~6.3, 8 T. Estimates of the én=1 MPR condition for
sample 4577 using k-p calculations predict a resonance at
B=142T.

The appearance of two resonant peaks close to the con-
ventional magnetophonon condition predicted by k- p calcu-
lations suggests that the resonant behavior may be signifi-
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FIG. 4. (a) R(B) curves for sample 4577 at T=80 K for a range
of bias. (b) Plot of d’R/dB? for sample 4577 with T=80 K and a
range of sample bias. Vertical dashed lines mark the observed
LMPR and SLMPR features.

cantly more complex than has previously been assumed. The
main resistivity maximum lies close to the conventional
MPR condition [Eq. (1)], while the resistivity minimum that
might be attributed to LMPR is at B~ 12.8 T shifted to ~8%
below the conventional MPR condition. The second mini-
mum at B~ 15T is a possible example of the additional
SLMPR resonance given by Eq. (2). This assignment is sup-
ported by the fact that both LMPR and SLMPR features are
significantly suppressed with increasing bias beyond
~200 mV when the superlattice moves into the WSL re-
gime, and so all further measurements were restricted to the
miniband transport range of bias. The feature at ~8 T is
likely to be the dn=2 SLMPR resonance. Assignment of the
6.3 T feature to on=2 LMPR is, however, inconclusive as a
residual Shubnikov—de Haas oscillation peak for the bulk
substrate occurs at approximately 6 T and complicates analy-
sis in this low-B-field region.

In order to test this assignment results are examined for
samples with a range of miniband widths as shown in Fig. 5.
The strong features identified for analysis are selected for
repeatability between successive measurements and in com-
parison with data taken for steady fields up to 19 T, as
shown for sample 4577 in Fig. 4. Resistivity minima
(d’R/dB*> maxima) that are candidates for LMPR and
SLMPR features are indicated by arrows. As the miniband
width increases, the separation of the SLMPR feature from
the conventional MPR resonance increases progressively. All
features show a characteristic MPR temperature dependence
with maximum amplitude in the range 7=80-140 K.
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FIG. 5. Plot of d’R/dB? for a range of superlattice samples.

IV. DISCUSSION

The magnetic field positions of the observed LMPR and
SLMPR minima and maxima features are compared with the
values predicted by k- p calculations and Egs. (1) and (2) in
Fig. 6. The k-p predicted magnetic field value for the MPR
condition falls with increasing A due to the decrease in the
superlattice band gap, which causes the effective mass to
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FIG. 6. (Color online) Plot of predicted LMPR and SMPR fea-
tures from k-p calculations alongside experimentally observed
resonances. The x axis indicates the SL miniband width at B=0 T
calculated with k-p. Note that the k-p-calculated resonance posi-
tions take account of the reduction in SL miniband width with in-
creasing magnetic field which becomes particularly significant for
the three highest-miniband-width samples. As there is no predicted
line shape for the resonances the errors are estimated from 40% full
width half maximum of the features. Shaded region indicates the
parameter space experimentally probed.
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decrease. We observe that resistivity maxima (d’R/dB>
minima) occur at fields slightly above the conventional MPR
resonance position. The experimentally observed resistivity
minima labeled as dn=1 LMPR are typically seen when
0./ w;0=0.87£0.06, in good agreement with bulk LMPR
resonances.'>!4 By contrast, the SLMPR features move up in
field due to the increased contribution from A in Eq. (2) and
show excellent agreement with the predicted SLMPR posi-
tions when account is taken of the magnetic field dependence
of the miniband width.

As the miniband width increases we expect a continuous
transition to conventional bulk magnetophonon behavior
once Ay(B)>hw;, since the superlattices may be consid-
ered to act as a bulk three-dimensional system if all thermal
and cyclotron excitations are much smaller than the superlat-
tice miniband width,

kBT,th,ﬁwLO < Ao(B) (3)

Within this regime, electrons are unable to probe the up-
per portion of the superlattice miniband and carriers only
experience a dispersion similar to the parabolic bulk case. It
would therefore be expected that such samples display no
SLMPR features. k-p calculation results for samples 3756
and 4520 indicate that, if observed, the SLMPR would be
located at B=26.1 and 31.3 T, respectively. In experiment
(Fig. 5) both exhibit resistance minima features at around
20 T that correspond well with the predicted dn=1/2 MPR
resonance, which is also particularly strong in the longitudi-
nal configuration for bulk materials,'* suggesting that the
transition to bulk behavior has occurred for these structures.
This will be discussed further later in this paper.

The physical origins of the LMPR and SLMPR features in
low-miniband-width samples [Ay(0) <#Aw, ] can be under-
stood by considering the LO phonon absorption and emis-
sion processes that are allowed for different w,. values, as
shown in Fig. 7. Interminiband LO phonon scattering be-
tween the n=0 and n=1 LLMB’s is permitted only in the
range w;o—A/h<w.<wpo+Ay/h due to the forbidden en-
ergy gaps in the system. Note also that the miniband width of
any given LLMB has a significant magnetic field dependence
[A,(B)], further complicating this schematic picture. Transi-
tions for which final or initial states are at k,=0 and/or the
mini-Brillouin-zone boundary k,=+7/d have high scattering
rates due to the large density of states at these k..

We can consider the scattering of electrons in the positive
k, region of the n=0 LLMB dispersion which contribute to
the transport current. It is clear that LO phonon absorption
transitions will result in final states at +k and —k such that the
average velocity of a final state is zero. The average of LO
phonon scattering events therefore relaxes the electron mo-
mentum, and the resistance will be proportional to the scat-
tering rate. The scattering rate will increase on approaching
the MPR condition as LO phonon scattering is allowed over
a greater proportion of the dispersion. At the MPR condition,
the LO phonon scattering rate is at its greatest. If Ag=A,
scattering will be allowed anywhere within the superlattice
dispersion. In reality, Ag> A, for the InAs/GaSb system re-
stricting scattering at the mini-Brillouin-zone boundary.
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FIG. 7. Schematics of the LO-phonon-mediated transitions for narrow-miniband-width samples [Ay(0) <% w; ] between the n=0 and
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+Ao/ 7> 0. > wpp, (€) o.=wpo+Ag/f, and (f) w.> w;o+A/f. The allowed LO-phonon-mediated transitions from areas of positive &, are

indicated by the shaded region.

Above the MPR condition the scattering rate is reduced
with increasing B field as LO phonon transitions from the
center of the superlattice dispersion are increasingly forbid-
den. At the SLMPR condition (w.=w;+A/f) only scatter-
ing from k,=+/d in the n=0 LLMB to k,=0 in the n=1
LLMB is allowed. The relaxation therefore links two high-
density-of-states regions of the dispersion relation, resulting
once again in a high scattering rate.

For superlattice miniband transport, however, the current
flow is dependent on more than simply the immediate scat-
tering rate. The contribution to current flow also depends on
the subsequent ballistic motion in k space under electric field
acceleration, since the velocity is strongly dependent upon
where the carrier is in the dispersion relation. These factors
must be considered to fully understand the form of MPR
features. We consider the relative effects of acceleration of
carriers in initial and final scattered states to determine the
effect of the scattering upon transport current. Acceleration
in an electric field following LO phonon scattering has the
effect of decreasing drift velocity below the MPR condition,
since the carrier velocity is increasing with k in the lower
Landau level and decreasing with k in the upper level [Fig.
7(b)]. Conversely, the drift velocity increases above the MPR
condition. At the MPR condition, final and initial states are
comparable such that subsequent acceleration does not alter
the total transport current. Scattering at the SLMPR condi-
tion has the most dramatic and significant consequence that it
prevents the occurrence of Bragg scattering and the subse-
quent suppression of transport current due to cycling of the
carriers through the negative drift velocity section of the dis-
persion relation. Above fiw,=fhw;o+A(B), the coupling of
the n=0 and n=1 LLMBs through LO phonon scattering is
removed and intra-LLMB scattering dominates. This re-
verses carrier momentum and quenches transport,>* resulting
in a significant increase in resistance following the SLMPR
feature. The characteristics of the LMPR and SLMPR fea-
tures are therefore determined by interplay of the scattering
rate and the subsequent ballistic motion of the transport elec-
trons. This simple analysis indicates that LMPR is likely to
appear as a resistance maximum at the MPR condition due to
the high scattering rate and SLMPR as a resistance minimum
followed by a large increase in resistance.

In order to understand the different contributions to the
magnetoresistance, modeling of the experimental results was
therefore performed using semiclassical Monte Carlo simu-
lations of the miniband transport, assuming that the effects of
Wannier-Stark localization are not significant. Simulations
follow the method outlined by Henriques et al.* Limited in-
elastic acoustic phonon scattering in an energy window of
1 meV (selected to be less than A) was introduced to ensure
that the conductivity at high B fields is small but nonzero. It
is found that changing this window significantly alters the
background magnetoresistance but that the LMPR and
SLMPR features remain. Simulation results are displayed for
superlattice band structures approximating those of samples
4561, 4579 and 3756 in Fig. 8. The Landau miniband energy
widths have been approximated with the function A,(B)
=A@tk where A, and a are parameters obtained
from fits to the results of k-p simulations. Both samples are
simulated with 7=100 K and electric field F=F,/2 such that
results are close to the Ohmic miniband transport regime but
show some ballistic behavior.

The simulation results for low miniband widths [Figs.
8(a) and 8(b)] display two clear features: first, there is a
pronounced minimum in the drift velocity (corresponding to
a resistivity maximum) at the conventional MPR condition,
and second, there are peaks in drift velocity at the SLMPR
conditions. These results show excellent agreement with the
schematic picture previously discussed. The simulations
identify that the magnetotransport is dependent on both the
scattering rate and the positions on the dispersion curves of
the initial and final states. Resistance maxima at the MPR are
caused by the increased scattering rate. The resistance
minima at the SLMPR are formed from the relative effects of
electric field acceleration in the initial and final scattering
states.

Similar simulation results are observed for other samples
which show that the position of the SLMPR feature is well
described by Eq. (2), shifting progressively away from the
LMPR feature with increasing miniband width. The simula-
tion results change significantly when the miniband width
becomes large [Ay(B) >hw, ] as observed for sample 3756
[Fig. 8(a)]. We observe that resistivity minima now occur at
the on=1 and on=1/2 MPR conditions. This is in good
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agreement with the bulk approximation in which the LMPR
is observed as a resistivity minimum slightly below the MPR
condition.'* For sample 3756, the dh=1/2 MPR feature is
particularly enhanced by proximity to the SLMPR condition.
The SLMPR feature is, however, suppressed above the dén
=1/2 MPR condition due to efficient intraminiband LO pho-
non emissions.

Our overall conclusion therefore is that the modeling pro-
vides strong support for the attribution of the high-field re-
sistivity minimum to the predicted SLMPR feature, and that
this is strongly supported by the clear dependence of the
SLMPR position on miniband width.

By contrast, the attribution of a maximum or minimum in
resistance to the precise MPR condition is not found to hold
experimentally. The stronger feature is found to be a maxi-
mum at fields a few percent above the MPR condition. A
resistivity minimum is found in all samples slightly below
the MPR condition, in an analogous behavior to that seen in
bulk material. The nonobservation of the SLMPR feature in
the earlier GaAlAs-based work is probably due to the com-

10 15 20 25 30 35 40
Magnetic Field (T)

plications caused by the presence of the two phonon modes
and the relatively small range of miniband widths studied.

In summary, we have demonstrated a form of magne-
tophonon resonance that occurs due to the scattering of car-
riers from the top of the ground state miniband to the bottom
of the next LLMB. This resonance, known as superlattice
MPR, was first predicted by Polyanovskii in 1983. The reso-
nance condition corresponds to taking carriers from the top
of the miniband dispersion where they will have a negative
differential velocity and moving them to the bottom of the
band where they can be “recycled” through the positive con-
duction regime.
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