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ABSTRACT

We demonstrate that Ing75Gag,sAs quantum wells can be freely suspended without losing electrical quality when the epitaxial strain-
relieving buffer layer is removed. In applied magnetic fields, non-dissipative behavior is observed in the conductivity, and a current induced
breakdown of the quantum Hall effect shows a lower critical current in the suspended layers due to efficient thermal isolation compared to
the non-suspended-control device. Beyond the critical current, background impurity scattering in the suspended two-dimensional channel
regions dominates with stochastic, resonant-like features in the conductivity. This device fabrication scheme offers the potential for thermally
isolated devices containing suspension-asymmetry-induced, high spin-orbit coupling strengths with reduced electron-phonon interaction

behavior but without introducing high levels of disorder in the processing.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0013902

Suspended semiconductor structures with two-dimensional elec-
tron gases (2DEG) were envisaged and initially demonstrated as devi-
ces that could be thermally isolated from a temperature reservoir”
and provide nanomechanical resonance functionality.”* A thermally
isolated structure would be important, for example, in thermal con-
ductivity measurements,” where thermal shorting paths are unwanted
features that reduce device performance. A suspended structure, which
is thermally isolated from the substrate, is also essential to investigate
the quenching of phonon-related transport properties that would
allow a many body localized (MBL) ground state to be stabilized.®
Depletion of charge at the edge of the device had beset these earlier
studies”” where the non-dissipative quantum Hall effect (QHE) was
generally not observed at integer filling factors, i.e., with conductivity,
0xx 7 0 in the suspended regions of the device. This has been
improved recently by changing the mesa shape and extending the sus-
pension closer to the Ohmic contacts.”

InGaAs devices have a high spin-orbit coupling contribution to
the electron dispersion as a result of the Rashba effect,” the size of
which is dependent on the structural inversion asymmetry (SIA) of
the confining potential. A compositionally graded InAlAs buffer is
usually incorporated into these devices to reduce strain.” '* This buffer
also allows the Al-rich composition to be etched away and the 2DEG
to be released from the GaAs substrate. SIA should be sensitive to the

removal of the buffer that could change the pinning strength at the
chemically etched surface. In the QHE transport regime 7,, = 0, the
DC (direct current) current induced breakdown of the QHE can pro-
ceed via several processes with any heat instability more prevalent in
the free-standing structures.

In this Letter, we discuss the electrical transport properties of
freely suspended Ing75GagpsAs quantum wells (QWs) down to
400 mK. The clearly developed QHE in the suspended layer is studied
during breakdown induced by a DC, and conclusions are made with
further device development where sensitivity to heat dissipation or iso-
lation from the substrate can be incorporated into a structure.

The sample contains a 30nm wide Ing75Gag,sAs QW. The
details of the structure have been reported before.'” The suspended
membrane was released from the wafer using a HCl-based etchant
(3HCL H,0)" that removes Al-rich InAlAs layers where the Al frac-
tion is >0.45 in the graded buffer. 150 nm atomic layer deposition
(ALD) Al,O3 was used as an etch mask and remained on the released
membrane floating above the substrate. Control devices are fabricated
at the same time from the same chip with the free-standing devices
except for the final selective etching to release the membrane [see
Figs. 1(a) and 1(b)]. A scanning electron microscopy (SEM) image of a
free-standing Hall bar is shown in Fig. 1(c) with a 60° tilt from the ver-
tical. As shown in the figure, the Hall bar is approximately 10 um
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FIG. 1. (a) Hall bar and (b) suspended structure show that removing parting of the
InAlAs graded buffer that is Al-rich (Al >0.45) releases the Hall bar with the QW
from the GaAs substrate, while the Ohmic contacts are still on the substrate. (c)
SEM image of a suspended device tilted 60° and the Hall bar channel width
W = 10 um. (d) Mobility against carrier density in the suspended (filled triangles)
and non-suspended-control (crossed squares) devices.

wide, and the voltage probes are partially suspended. This is very
important as potential barriers between suspended and non-suspended
parts of the membrane leads to partial scattering of the edge current
channels, which will lead to non-zero longitudinal magneto-resistance
at a high magnetic field.”

The transport properties of both the control and free-standing
devices are characterized at 1.6 K and 400 mK both before and after in
situ illumination with an infra-red light emitting diode. The density
and mobility are summarized in Fig. 1(d). A total of three suspended
and two non-suspended-control devices were measured with the
experimental data presented in Fig. 2, which displays typical behavior.
The photolithographic geometry of the Hall bar was used in the calcu-
lation of the mobility, and the values could be slightly underestimated
due to side etching during the mesa definition. This also explains the
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Non-suspended
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FIG. 2. Magnetoresistance R, and R,, in the non-suspended-control and sus-
pended devices before (D) and after illumination (L) at 1.6 K (left) and after illumina-

tion at 1.6 K and 400 mK (right).
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large error bar on the control devices as the Hall bar width varies
among devices. Both devices showed almost identical density and
mobility after averaging both with and without illumination. This is in
contrast to the situation with GaAs/AlGaAs structures where a reduc-
tion in mobility by a factor >2 is reported”'*"” in suspended
structures.

Figure 2 shows the measured longitudinal and Hall resistances, R,
and R,,, up to 10T in the non-suspended-control and suspended devi-
ces before and after illumination at 1.6K and the temperature depen-
dence after illumination at 1.6 K and 400 mK. At low magnetic field (B),
a positive change in resistivity, p,, = Ry/(L/ W), where L is the length
between the Ohmic contacts and W is the width of the Hall bar, is seen.
This is related to a weak localization effect rather than a spin-orbit-cou-
pling-induced weak antilocalization effect. The conductivity correction
at 0.1 T, A ~ ¢?/h [obtained from a high magnetic field resolution
measurement at a low field between *0.1 T, where e is the fundamental
charge and h is Planck’s constant], is not further enhanced in the sus-
pended layer in either magnitude or magnetic field dependence. There
is no evidence of zero magnetic field spin-splitting due to Rashba spi-
n-orbit coupling” in the suspended layer as the asymmetry of the con-
fining potential is not significantly increased by the suspension process
in this particular structure. This is partly due to the background impuri-
ties in the structure with only a small change in confining potential for
the suspended layer that is verified by self-consistent simulation. It has
been shown in previous transport measurements on similar but non-
suspended structures'>'° that the mobility in the Ing 75Gag25As QW is
limited by background impurity scattering.

At high magnetic field, R, manifests single frequency
Shubnikov-de Haas oscillation with no beating and with clearly devel-
oped minima in R, that goes to 0. This suggests that there is no scat-
tering of edge states between suspended and non-suspended regions.
The QHE is well defined, with plateaus at the quantized values of R,,
at h/ve”. The carrier density is the same in the suspended and non-
suspended-control devices with no sign of parallel conduction, as the
Hall effect carrier density agrees with that determined from the period
of the Shubnikov-de Haas effect. There is a Zeeman splitting from
26T (at Landau level filling factor ¥ =5) with Ny=3.1 x 10" em™2
that is reproduced in the suspended layer (see Fig. 2 after illumination).
Neither of the devices displayed a temperature dependent magneto-
transport behavior, i.e., changing density or mobility, apart from more
clearer Zeeman splitting at 400 mK.

To inspect the difference in heat coupling to the substrate intro-
duced by suspension, a DC (I;,) was added to the nA AC excitation at
filling factor v =2 at 400 mK. The conductivity o,,, determined from
the measured resistivity p,. and p,,, is plotted against the DC in Fig. 3
as it represents the scattering along the length of the Hall bar. The con-
ductivity rises above the experimental-zero background conductivity
with increasing I;. and then increases up to a constant o,,. This is
known as the breakdown of the QHE, and in the regime of the break-
down, the heat dissipation is in the source and drain Ohmic contact
regions.”” So, for both the suspended and non-suspended-control
devices, the actual connection to the thermal reservoir is at the source
and drain Ohmic contacts. This also explains why the resonant-like
structure in g,, is the same in both types of devices. This structure is
independent of the direction and the rate that the current is swept (see
multi-curves recorded with opposite sweep directions and different
sweeping rates that are included in Fig. 3).
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pative and is shown for reference.

However, a difference in the critical current (I, labeled in Fig. 3)
is observed at which o, > experimental zero conductivity that can be
used as a measure of the thermal sensitivity of the device. The conduc-
tivity o, in the suspended device starts to increase at an I, which is a
factor of ~2 less (0.9 uA compared to 1.7 A in the non-suspended-
control device). The critical current has been shown to depend loga-
rithmically on the Hall bar width;'® however, it is unlikely to be the
variation in the Hall bar width, causing this difference measured here.
This difference in critical current is more likely to be due to the reduc-
tion in volume of the devices, which has been reported as enhancing
the sensitivity to heat dissipation processes."”’

Figure 3 also shows the dependence of ¢, on I at filling factor
v=3. The v =3 state is a Zeeman gap, and o, rises with I, to the
conductance peak, which would be there without Zeeman spin-
splitting. The conductance is =15 us when the QHE has broken down
into the Ohmic behavior regime, well above the level of conductance
where resonant-like features can be observed.

To understand the origin of the resonant-like structures, g,
measured at voltage probes at opposite sides and the same side of the
Hall bar is plotted against each other in Fig. 4. As stated previously,
this structure is not sweep rate or sweep direction related. At low o,
values < 2 us, the opposite sides of the Hall bar have the same break-
down dependence with 1. However, there is a variation in the break-
down between contact combinations on the same side of the Hall bar.
In other words, Fig. 4 shows an Ohmic contact combination symmetry
for the breakdown behavior of a,,, which is characteristic of edge state
transport.19

The resonant-like features beyond I, are stochastic and represent
scattering events between the edge states (inter-Landau level scatter-
ing) as they interact with a bulk two-dimensional region that is known
to have a high background impurity density in this channel mate-
rial.''® Thermally cycling the devices to 300 K and then recooling
change the occurrence of the resonant-like features in g,, due to the
different background charge arrangements and the stochastic nature
of the impurity scattering process. The resonant-like features in o,

ARTICLE scitation.org/journal/apl

Opposite side contacts Same side contacts

S ’
/
104, ™~ 10 -
1\__/2
817" | ™ 8-
3\__/4
m m
= 6 D = 6
9 o
4 4 ~
4
D
24 2
———contact 2 vs 1 contact 1 vs 3
0 ——contact4 vs 3 0 —— contact2 vs 4
T T T T T T T T T T
0O 2 4 6 8 10 0 2 4 6 8 10

Oyx (HS) Gyx (HS)

FIG. 4. Breakdown in a,, with voltage probes on opposite sides (left) and the same
side (right) of the device. S and D stand for source and drain contacts, respectively.

beyond the QHE breakdown are too narrow in the I, range to be
phonon related.”” Further QHE breakdown mechanisms such as
quasi-elastic inter-Landau level scattering have been modeled”' to
understand breakdown at v =2 and 4. This mechanism operates in
narrow channels and can be driven by emission of acoustic pho-
nons or scattering with impurities. This process is likely to be weak
here due to the wider Hall bar width of 10 um that is much greater
than the thermal phonon wavelength (1.2 um at 300 mK) and the
electron elastic mean free path (0.3 um after illumination).
Impurity scattering of the type dominant in InGaAs materials'*'°
can drive intraband phonon emission processes that lead to inelas-
tic scattering between edge states in the breakdown of the QHE.
This is more likely to be playing a role considering the importance
of impurity scattering and the sensitivity of the suspended device
to thermal transport processes.

In summary, freely suspended Ing75Gag 25 As membranes can
be fabricated with no reduction in mobility or carrier density. This
technology can be applied to other combinations of semiconductor
structures where thermal isolation is a prerequisite for device per-
formance. The free standing devices show a higher sensitivity to
heat dissipation with a DC induced heating. In particular, a reduc-
tion in the critical current for the breakdown of the non-dissipative
QHE by a factor of ~2 is demonstrated in the suspended struc-
tures. Impurity scattering is important in this particular breakdown
of the QHE and leads to stochastic, resonant-like structures in the
conductivity before the onset of an Ohmic transport regime. In the
GaAs/AlGaAs material system, a suspended one-dimensional
channel showed an enhanced electron-electron interaction.”” This
is likely to be stronger in the InGaAs material system with Rashba
spin-orbit coupling also playing a more significant role. Enhanced
electron-electron interaction with thermal isolation from a heat
reservoir is a partial requirement for the stabilization of a MBL
ground state. To study the MBL state, controllable disorder has to
be introduced by doping, for example, not by inhomogeneities in
the device processing. The methodology reported here has
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demonstrated such a processing recipe and will provide devices for
this research field.

This work was funded by EPSRC Grant Nos. EP/K004077/1
and EP/R029075/1, UK. We thank Professor Chris Ford for useful
discussions.
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