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High-current breakdown of the quantum Hall effect and electron heating in InSb/AlInSb
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We report measurements of the temperature and electric field dependent breakdown of the quantum Hall
effect in two-dimensional InSb/AlInSb heterostructures. The electron temperature 7, is studied as a function of
electric field and it is shown that the energy loss rates of electrons to the lattice follow a (7> — T}') dependence
for 2 K < 7T, < 22 K at a lattice temperature 7, = 1.5 K. The high-current induced breakdown of the quantum
Hall effect (QHE) is linearly proportional to sample width as deduced from the Hall resistivity and shows
breakdown at lower current densities as deduced from the resistivity (p,,) due to nonuniformity in carrier density.
Temperature dependent studies show that the quantum Hall effect persists to considerably higher temperatures
than the conventional GaAs/AlGaAs system. Using the energy loss rates, we describe the QHE breakdown in

terms of bootstrap-type electron heating.
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I. INTRODUCTION

The quantum Hall effect' (QHE), observed in two-
dimensional electron gases (2DEGs) at low temperatures when
a high magnetic field is applied perpendicular to the 2DEG
plane, is characterized by a vanishing longitudinal resistivity
Pxx and quantized Hall resistance p,, = h/ ve?, where h is
Planck’s constant, e the electronic charge, and v the number
of filled Landau levels. Since 1990 the QHE has been the
electrical resistance unit standard, used to define the ohm,
for which the persistence of the effect at high temperatures
and electrical currents is of particular importance.> With
increasing temperature a gradual increase of p,, and deviation
of p,, from quantization is observed. With increasing current,
however, a sudden transition occurs at critical current /. at
which point p,, increases by several orders of magnitude. The
breakdown of the QHE due to high currents has been studied
extensively in semiconductor heterostructures (see Nachtwei®
for a review) and more recently in graphene.*> Breakdown
phenomena are of particular interest due to their relevance in
standards applications as well as the potential to elucidate the
fundamental physics of the quantum Hall effect.

Indium antimonide has the narrowest band gap of any
II-V semiconductor,® and even when confined to a 2DEG,
electrons in InSb have been shown to have an effective mass
of only m* = 0.02m, (Ref. 7) and an exceptionally large
effective Landé g factor (g* ~ —50).% These properties lead to
both large cyclotron energy (E. = hw, = heB/m™*) and large
Zeeman (sg*upB) energy gaps, where w. is the cyclotron
frequency, B is the magnetic field, s = £1/2 is the spin of
the electron, and g = % is the Bohr magneton. Using InSb
heterostructures we have been able to study the effect of large
energy gaps on the breakdown properties of the QHE.

II. SAMPLE PROPERTIES

All samples studied were InSb/Al,In;_,Sb heterostruc-
tures grown on a semi-insulating GaAs(001) substrate by
solid-source molecular beam epitaxy.® The carriers are con-
fined within a 30 nm InSb quantum well, between a 3 um
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Alp 10Ing.9oSb buffer layer and a 50 nm upper barrier layer of
Alp,15Ing g5Sb containing a Te §-doping plane. The samples
were fabricated into Hall bar geometries, of widths 75, 300,
and 600 um, with wide current injection contacts at each
end and three pairs of narrow voltage probes placed along
the device (Fig. 1, inset). Carrier densities were in the range
2-3.5 x 10'"'cm™2 and mobilities exceed 160 000 cm?/V s at
1.5 K.

III. ELECTRON HEATING AND ENERGY LOSS RATES

Magnetotransport measurements were carried out using a
superconducting solenoid magnet in a variable temperature
insert with a base temperature of 1.5 K. A typical mag-
netotransport plot is shown in Fig. 1. Several well defined
quantum Hall states are clearly observable. At lower fields
the samples exhibit Shubnikov—de Haas (SdH) oscillations.
At higher temperatures these oscillations are damped with the
well known temperature dependence given by the Lifshitz-
Kosevich formula

A
22 = floo—5—
0

sinh(x)’ 1
with x = 2712';1’*—;, where kp is Boltzmann’s constant and
T is temperature, and w. is the cyclotron frequency. When
measured at low electric fields, electrons are at thermal
equilibrium with the lattice and as such the thermal damping
of the SdH oscillations is governed by the lattice temperature
T.. At high applied electric fields, however, carriers are
unable to lose energy to the lattice through electron-phonon
interactions at high enough rates and the two are no longer
in thermal equilibrium. The electron temperature 7, increases
relative to the lattice and the electrons collectively reach an
internal thermal equilibrium due to electron-electron scat-
tering. Shubnikov—de Haas oscillations of hot electrons are
damped in the same way as with lattice temperature. Such
oscillations may therefore be used as a measure of the hot
electron temperature. Magnetotransport measurements at high
lattice temperatures were taken and compared to the data with
oscillations at high currents for several values of the occupancy
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FIG. 1. (Color online) Resistivity plot showing the quantum Hall
effect in InSb taken at 1.5 K using a current of 1 A with a sample
carrier density of 3.4 x 10'' cm~2. Several well defined plateaus and
minima for both even and odd integer filling factors are observed.
Inset: A micrograph of a section of a typical 600 um wide eight-leg
Hall bar.

v to determine the electron temperature and to verify that
Eq. (1) holds. As the current is increased above 1 uA at 1.5 K,
the electron temperature increases sublinearly to over 20 K
with an applied current of 300 A at v = 4 [Fig. 2(a)]. The
total electrical power dissipated over the sample is measured
for each occupancy. The energy loss rate per carrier P is thus
calculated as a function of 7,. Empirically, we find

P=a(T) - T}), )
withavalue of @ = 8 x 107'® W K3, A similar power law de-
pendence following approximately P oc T3 has been observed
in this temperature regime in GaAs,'*!3 Si,'* and SiGe,'>°
as expected for a combination of deformation potential and
piezoelectric scattering.'® In the nonequilibrium regime the
carriers lose energy to the lattice with a characteristic energy
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relaxation time t,. This is calculated, using

2T w2
3EpP 3Epa(T3 —T})

Te =

3

where Ep is the Fermi energy and n is the carrier density.
Energy loss times at several filling factors are shown in
Fig. 2(b) as a function of electron temperature. The energy loss
times are slightly longer than values for GaAs taken from both
electrical and optical measurements,”'*!” and significantly
longer than found recently for graphene.’

IV. HIGH-CURRENT BREAKDOWN OF THE QUANTUM
HALL EFFECT

The breakdown of the quantum Hall effect is characterized
by a sudden increase from the zero resistivity state and a devia-
tion from the quantized Hall resistance (Apy,). We will define
the point at which breakdown occurs as py, or Apy, 2 1 Q.
High-current breakdown is observed by measuring the 7-V,,
characteristics of the sample in a four-terminal configuration.
A series of such I-V,, traces are shown in Fig. 3 for a
600 m wide Hall bar at 1.5 K. Clear quantum Hall breakdown
is observed for both v =1 and v =2 as a sudden onset
of dissipation. We find critical current values for the two
filling factorsof I.(v = 1) = 145 uAand I.(v = 2) = 180 uA
[Fig. 3(b)].

By contrast the deviation from quantization of the Hall re-
sistance within the plateau shows a sudden deviation at currents
much greater than that of /.. [Fig. 3(c)]. Previous investigations
of the dependence of Apy, on py, have shown two different
types of phenomena. The first was a linear relationship due
to thermal activation, where Ap,y = Spy,.'®!? The second
showed an abrupt drop of a few ppm from quantization at
currents of ~0.81,,2° ascribed to delocalization of electrons
and not thermal activation. Our observations clearly differ
from both of these but have more in common with the abrupt
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FIG. 2. (Color online) (a) Energy loss rates as a function of electron temperature measured at a fixed 7, = 1.5 K for a sample with a carrier
density of 2.55 x 10'"! cm~2. The rate follows the expected (7} — T;) dependence. Electron temperature is measured as a function of current
as shown in the inset. (b) Relaxation time as a function of electron temperature as deduced from Eq. (3). Also shown is 7, for graphene (Ref. 5)
and GaAs at 1.5 K, as deduced from optical (Ref. 17) and electrical (Refs. 9 and 10) measurements of energy loss rate as a function of electron

temperature.
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FIG. 3. (Color online) (a) Field dependence of breakdown cur-
rents for a 600 um device with carrier density of 3.3 x 10!! cm™2
shown with the magnetotransport plot. The dashed black line indicates
the predicted conventional Hall resistance which crosses the Hall
plateau at integer filling factors. (b) The current voltage characteristics
for v = 2 (colors) and v = 1 (black) clearly showing a sudden onset
of resistance following a critical current. At magnetic fields below
the field of highest breakdown current, the longitudinal voltage
dropped is a more gradual increase with increasing current. Above
this field a more sudden, steplike increase is observed indicating
a different type of phase transition. (c) The deviation of the Hall
voltage from quantized values at v = 2 for three magnetic field values
corresponding to v = 1.965 (blue), v = 2 (red), and v = 2.07 (black).

deviation as seen by Kawashima ez al. as we do not see a linear
relationship within the noise levels of a few ppm.
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The magnetic field dependence of the breakdown current
is shown in Fig. 3(a). Due to the macroscopic scale of the
sample there are significant inhomogeneities leading to a
significant difference in the magnetic field at which the exact
occupancy occurs, and this will be greatest in the current
direction due to the larger physical separation of the V.,
contacts. A comparison of the magnetic field dependence of
the breakdowns of p,, and the Hall deviation for p,, suggest
that inhomogeneities in the carrier density probably play a
significant role in the behavior observed. On the high field
side of the plateau the breakdown current is very similar for
pxx and p,, [Fig. 3(a)]. At the same time the nature of the
breakdown is the well known abrupt breakdown with a sudden
onset of resistance. By contrast, at lower fields where the p,,
quantum Hall current gives considerably larger breakdown
values than observed for py,, the resistivity p,, shows a
gradual onset [Fig. 3(b)]. This is consistent with multiple
successive breakdowns in regions of progressively increasing
carrier density which reach the breakdown condition at lower
fields. Further evidence for this comes from measuring the
outer contacts which have twice the separation and show a
further decrease in the breakdown current. The p,, breakdown
current is a maximum, as expected, where the v = 2 state is
at exact integer occupancy as calculated from the classical
Hall coefficient measured at high temperature, whereas the
pxx minima are at slightly higher fields and are centered on
the peak breakdown current for py,.

Using three 600 um wide Hall bars with carrier densities
of 1.3 x 10" ecm™2, 2.3 x 10'" cm™2, and 3.3 x 10'! cm~2,
we have studied the field dependence of the peak breakdown
current at v =1 and 2 [Fig. 4(a)]. We find a linear dependence
of v = 1 breakdown current with magnetic field. The data for
v = 2 are also consistent with a linear increase with magnetic
field, with the exception of the lowest density sample which
does not have sufficiently well resolved oscillations to give
quantum Hall behavior.

One issue encountered was a runaway increase in contact
resistance at high currents and high magnetic fields. From
two contact measurements it was found that at high fields the
voltage dropped at the contacts becomes several times that of
the Hall voltage. Due to this effect increasing with magnetic
field, this meant that we were only able to probe the peak Hall
deviation current for v = 2 and not v = 1.

A. Geometric dependence

A number of studies on low mobility samples have shown
that the critical breakdown current scales linearly with the Hall
bar width,?' consistent with the existence of a critical electric
field for the breakdown of the quantum Hall effect. Critical
currents in high mobility samples, on the other hand, have
been shown to increase sublinearly with width.?? This leads to
the breakdown condition being described as a critical current
density, ranging from ~0.1 to 1.6 A/m (Refs. 21 and 22) in
GaAs and recently up to 8 A/m in exfoliated graphene® and
14.3 A/m in polymer gated epitaxial graphene.*

We have studied the width dependence of /. in devices
of three widths, 75, 300, and 600 um, all with equal aspect
ratios. Figure 4(b) shows that there is a linear dependence
of the current for the onset of quantum Hall deviation (Apy,)
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FIG. 4. (Color online) (a) The magnetic field dependence of
peak breakdown current density for v = 2 (black) and v =1 (red)
from three 600 um Hall bars with carrier densities of 1.3 x
10" ecm™2, 2.3 x 10" cm™2, and 3.3 x 10'" cm~2. At the lowest
carrier density the v = 2 state is not well defined with 1. ~ 1 pA.
(b) Width dependence of maximum Hall deviation current for v = 2
(blue) and I, for v =2 (black) and v = 1 (red). The three widths
used were 75, 300, and 600 pum. (c) Temperature dependence of
longitudinal breakdown current density for v = 2 (6.1 T, black) and
v =1 (12.2 T, red) for a 600 um Hall bar fitted using Eq. (4). Also
shown for comparison is the temperature dependence of v =2 in
GaAs at 4.8 T (blue dashed) taken from Ref. 23. (d) Temperature
dependence of breakdown current density for v = 1 perpendicular
to the magnetic field (9 T) and at 60° (18 T), taken with a 75 um
device.
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giving a critical current density of 0.5 A/m. A study of I, from
the breakdown of p,, shows lower values than observed from
Apyy, and considerably more variability and dependence on
contact arrangements which we attribute to both macroscopic
and microscopic inhomogeneities in electron density, as
discussed above.

B. Temperature dependence

Indium antimonide quantum Hall resistance standards
would offer a distinct advantage over conventional GaAs
devices if they could be operated at higher temperatures.
To study this, the field was set at the position of maxi-
mum breakdown current and the temperature varied. The
temperature dependences of the longitudinal p,, breakdown
current for both v = 1 and v = 2 in a 600 um Hall bar were
studied [Fig. 4(c)]. Both plateaus are seen to show very little
reduction in breakdown current to well above the helium-4
temperature of 4.2 K. This compares well to the equivalent
temperature dependence observed for GaAs devices. Typical
results for a similar GaAs sample®® with a carrier density of
2.4 x 10" cm~? are also shown in Fig. 4(c) for comparison.
While GaAs may have higher critical current densities at low
temperatures, the breakdown current for the QHE falls much
faster with increasing temperature. This means that at 4.2 K,
the breakdown current of GaAs is only ~20% of its low
temperature value, whereas for InSb the breakdown current
remains at over 85%. We can approximate the temperature
dependence?? of the quantum Hall breakdown current density

Jc using
T2
. .0 L
Je = ¢ <1 - _T?) , “

where j¥ is the breakdown current density at zero temperature
and T, is the critical temperature, above which QHE is not
observed. We find that while the absolute breakdown current
density is higher in GaAs, the critical temperature is higher
in InSb with 7, &~ 8 K due to the larger Landau and spin-split
energy gaps. In GaAs the value of T, has been found to scale
with magnetic field at almost exactly 1 K/T.** Assuming the
same behavior for InSb based on the results for the linear field
scaling of jO [Fig. 4(a)] would suggest a value of ~1.3 K/T,
which is significantly larger than for GaAs but is not scaling
linearly with the magnitude of the cyclotron energy.

The most widely accepted theory of the breakdown of
the QHE has been described in the work of Komiyama
and Kawaguchi and is based on bootstrap-type electron
heating.?>? It predicts that breakdown occurs at a critical
electric field E., which is determined by the energy relaxation

time given by
4Bhw,
Eo= |, 5)
2et,

assuming a twofold (spin) degeneracy of the Landau levels.
This yields a predicted critical electric field of 27.1 kV/m at
6 T using t, = 500 ps, the value at the breakdown temperature
of 8 K. This corresponds to a v = 2 breakdown current density
of 2.1 A/m, compared to the experimental value of 0.5 A/m
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observed for the p,, deviation. This difference is not surprising
as the theory is known to overestimate E. by a factor of 2—4
when compared to the highest values observed in even the most
well optimized wide Hall bars in GaAs.?! This is probably due
to uncertainties in the most appropriate value of t, which
should be used.

C. Breakdown of spin-split quantum Hall states

The temperature dependence of the breakdown current for
v = 1 was also studied in a 75 um device as shown in Fig. 4(d).
InSb is very different from GaAs due to the very high electron
g factor, which means that large quantum Hall breakdown
currents can also be observed at high temperatures for v = 1,
where the separation between the two spin levels is comparable
to the Landau splitting for v = 2. The breakdown currents for
v = 1 are only slightly smaller than for v = 2, which means
that E.(v = 1), is significantly (~60%) higher than for v = 2
and the quantum Hall effect persists up to similar temperatures.
In GaAs at low temperatures (<0.5 K) in a given sample,
E.(v = 1) is found to be equivalent to E.(v = 2).%

The spin splitting is known to be significantly enhanced by
rotating the sample relative to the magnetic field direction.?
Figure 4(c) shows a comparison for two measurements with
the same perpendicular field for a narrow channel sample
(75 pm) with the sample at 0° and 60° to the applied field,
i.e., a doubling in the total magnetic field. While the spin
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splitting increases between 0° and 60° by a factor close to
2, the breakdown current actually falls. We attribute this to
a mixing of energy levels in the quantum well, which leads
to additional breakdown possibly due to coupling to bulk and
higher energy states.

V. SUMMARY

We have observed quantum Hall effect in the narrow
band-gap InSb/AlInSb system. We have shown that the large
cyclotron energy leads to the quantum Hall effect persisting
to higher temperatures than seen for GaAs, although the
maximum value of the critical current is somewhat smaller
due to the lower energy loss rate. We have shown that the
high-current breakdown can be observed for of spin-polarized
quantum Hall states at v = 1, and that the critical breakdown
field is higher than that at v = 2. Deviation from Hall
quantization at high electric fields is abrupt and is shown
to occur at currents much greater than those required to see
longitudinal dissipation, which is related to the presence of
significant sample density inhomogeneities.
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