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ABSTRACT: III-V compound semiconductors are indispensable materials for today’s high-end electronic and optoelectronic
devices and are being explored for next-generation transistor logic and quantum technologies. III-V surfaces and interfaces play
the leading role in determining device performance, and therefore, methods to control their electronic properties have been
developed. Typically, surface passivation studies demonstrated how to limit the density of surface states. Strain has been widely
used to improve the electronic transport properties and optoelectronic properties of III—Vs, but the potential of this technology
to modify the surface properties still remains to be explored. Here we show that uniaxial stress induces a shift in the energy of the
surface states of III—V nanowires, modifying their electronic properties. We demonstrate this phenomenon by modulating the
conductivity of InAs nanowires over 4 orders of magnitude with axial strain ranging between —2.5% in compression and 2.1% in
tension. The band bending at the surface of the nanostructure is modified from accumulation to depletion reversibly and
reproducibly. We provide evidence of this physical effect using a combination of electrical transport measurement, Raman
spectroscopy, band-structure modeling, and technology computer aided design (TCAD) simulations. With this methodology, the
deformation potentials for the surface states are quantified. These results reveal that strain technology can be used to shift surface
states away from energy ranges in which device performance is negatively affected and represent a novel route to engineer the

electronic properties of III—V devices.
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he II-V compound semiconductors are promising
materials to enable continued scaling for the next
!¢ and are the subject of

intense research for integrating lasers on silicon,” ™ for sensing
12,13

generation of transistor technology

applications,'”"" for energy harvesting, and for quantum

"~'% In particular InAs is an attractive material

technologies.
because of its small effective mass and an electron mobility that
is ten times larger than that of silicon. It is being investigated
for low-power complementary metal—oxide—semiconductor
(CMOS) applications at supply voltages smaller than 0.5
V%% and was used to demonstrate that its high injection
velocity can be maintained also in aggressively scaled

.10
devices.
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The interesting electron-transport properties of InAs,
however, are also related to the small density of states in the
conduction band. As a positive bias is applied to the surface of
InAs, the Fermi level can shift all the way into the conduction
band, where the effects of traps and interface states can be
significant. Unlike silicon and its native oxide, III-V alloys do
not have stable oxide surfaces free from ionized defects. The
details of III-V surfaces and interfaces are therefore critical for
device performance.””™*> InGaAs MOS interfaces have been
shown to have acceptor-type defects in proximity to or in the
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Figure 1. (a) Schematic representation of the experimental setup. Strain is applied to a nanowire structure by bending the substrate in a three-point
geometry. Electrical transport and Raman spectroscopy are used to characterize the device. (b) False-color SEM micrograph of a strain InAs
nanowire device, contacted in a four-probe geometry. The nanowire is shown in orange. The polymer substrate is indicated in teal. The scale bar is S
um long. (c) Effect of uniaxial stress on the Raman spectrum of the central segment of an InAs nanowire. Compressive stress (in blue) increases the
optical phonon energy, whereas tensile stress (in red) decreases it compared with the unstrained condition (in green). (d) Two-probe and (e) four-
probe electrical transport characteristics of an InAs nanowire subject to uniaxial stress. Tensile stress increases the conductivity of the nanowire,

compressive stress suppresses it.

conduction band, whereas states in proximity of the valence
band exhibit donor-type behavior.”*™*® In the case of InAs, the
surface reconstruction is responsible for the existence of ionized
interface states inside the conduction band, which leads to a
strong charge accumulation at the surface.”” " Under these
circumstances, the Fermi level is located at an energy close to
the defect states and is said to be pinned in the conduction
band.” Interface passivation studies have been performed to
engineer the properties of the surface accumulation layer of
InAs nanowires and demonstrated a significant reduction of the
density of interface states compared with untreated surfa-
ces.””>** Surface-specific experiments suggested that the InAs
surface accumulation is sensitive to the surface orientation and
reconstruction.”*° Following its successful application in
silicon technology,37_39 the effect of strain has been studied
in III-V devices and has revealed the potential for performance
enhancements in a wide class of II-V alloys* and future
transistors.”' ~*> The application of uniaxial strain on III—V
transistors, however, showed that strain strongly influences the
transistor’s electrostatics and that this effect dominates over the
enhancement of the pure transport characteristics."*
Semiconductor nanowires exhibit exceptional mechanical
properties when their lateral dimensions are scaled below 100
nm.” The details of the mechanics of surfaces can differ
significantly from those of bulk,* and, as a consequence, the
compliance tensor and the yield strength can be modified by

2817

: . L4748 .
scaling the nanowire cross section.””*® By leveraging these

phenomena, record high values of strain were achieved,” and
novel insights into the band-structure properties were
gained.””*" Notably, a surprisingly large change in resistance
with stress was measured on semiconducting nanowires, but the
physical origin of this phenomenon has remained controver-
sial >~ A remarkable piezo-resistance was also demonstrated
on InAs nanowires subjected to large stress.”® This observation
is in sharp contrast to what is expected for bulk InAs>” and any
material with conduction bands of spherical symmetry.>®
However, the complexity of the experiment and the limits in
the fabrication process permitted only to establish Schottky
contacts to the nanostructure.”” Thus, the change in
transport properties was dominated by the modulation of the
barrier height induced by piezo-electric effects. Until today, the
effect of high uniaxial stress on the surface properties of InAs
and other III—V nanowires has remained unclear. In this Letter,
we demonstrate that uniaxial stress modifies the surface
properties and the electrical transport properties of InAs
nanowires. We also provide insight into the shift in energy of
the surface states.

Results. Individual InAs nanowire devices like the one
shown in Figure 1b are realized on the surface of a flexible
substrate.’” Metal contacts to the device, fabricated by electron-
beam lithography and lift-off technique, provide the electrical
connection to the nanowire as well as the mechanical clamping
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Figure 2. Analysis of the Raman spectrum and of the electrical measurements of an InAs nanowire subject to a stress cycle: (a) evolution of the TO
phonon energy of the InAs nanowire upon applied stress profile. The sequence of stress values applied to the device, ranging from compression
(applied first) to tension is shown in the inset. A discontinuity is observed for a tensile stress that shifts the TO phonon energy below the threshold
of 208 cm™". (b) Evolution of the four-probe resistance (shown in blue), the two-probe resistance measured at the inner voltage probes (shown in
green), and the two-probe resistance measured at the outer current injectors (shown in red). The values are shown only in the range in which all
contacts necessary to perform a measurement are assessed as being functional.

to the substrate surface. The device is characterized by Raman
spectroscopy and electrical transport while applying uniaxial
stress, which is induced on the nanostructure by bending the
substrate with a mechanical device sketched in Figure la. By
bending the substrate in a three-point geometry, an extension
or compression of the surface of the substrate is generated, and
a part of it is coupled to the device under test by the mechanical
clamps of the device. Uniaxial stress can be varied continuously
from tension to compression by controlling the radius of
curvature of the substrate and bending the substrate in convex
or concave fashion, respectively.

When no stress is applied to the InAs nanowire, the Raman
spectrum measured shows a single peak with an energy of
(2152 + 1) cm™. This value of Raman shift corresponds well
with the energy of the transversal optical (TO) phonon,®>%*
which is equal to 214.8 cm ™! in bulk zincblende InAs.*>*® The
electrical transport of the device is characterized using a four-
probe configuration. The two outer probes, referred to as
current injectors from now on, are connected to the voltage
bias and to the ground contact. The two inner voltage probes
enable the voltage drop between them to be measured without
draining current. As expected for a device with ohmic metal—
semiconductor contacts, the current—voltage (I-V) character-
istics of the device is linear and characterized by a resistance of
300 k€. The four-probe resistance has a value of about of 200
kQ and provides information about the intrinsic conductivity of
the nanowire. To further confirm the ohmic nature of the
metal—semiconductor interface, we imaged a cross section of
the device at one of the current injectors using scanning
transmission electron microscopy (STEM). The chemical
analysis by energy dispersive X-ray spectroscopy (EDS)
confirms that the InAs nanowire is alloyed with nickel under
the metal contact region and provides strong confirmation of
the ohmic nature of the metal—semiconductor interface (details
are given in the Supporting Information, SI).
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The results of the electrical and Raman spectroscopy
characterizations of an InAs nanowire device, performed during
a uniaxial stress cycle, are summarized in Figure 1c—e: the data
shown in green were acquired without applied stress, those in
blue were measured upon compression, and those in red were
measured upon tension. Figure Ic shows that the Raman
spectrum of the InAs nanowire shifts continuously upon stress
over a very large range, from 208 cm™' upon tension to 222
cm™" upon compression. The intensity and the width of the
Raman peak remain comparable across the entire stress range.
Figure 1d shows the effect of uniaxial stress on the electrical-
transport characteristics. The effect is remarkable: the current
flowing through the nanowire device at a voltage bias of 400
mV varies from S A in unstrained conditions to 32 yA for a
maximum tensile stress (we limit its value to 10 uA by
compliance) and to 4 nA for a maximum compressive stress.
The I-V characteristics remain linear throughout the entire
stress cycle. An identical variation in conductivity over 4 orders
of magnitude is also observed for the four-probe resistance.
This is shown in Figure le, which plots the current flowing
through the nanowire device as a function of the voltage drop
between the inner probes. This observation provides solid
evidence that the conductivity of the InAs nanowire is
modulated by strain and is to be attributed to changes in the
transport characteristics of the nanowire.

To gain a more detailed understanding of the phenomena
occurring during the strain measurement summarized in Figure
1, we performed a nonlinear least-squares fitting of the Raman
spectra and extracted the two-probe and four-probe differential
resistances of the InAs device around zero bias voltage for every
value of applied stress. The details of how the two stress
measurements evolve are shown in Figure 2. The sequence of
values of uniaxial stress applied to the InAs nanowire device,
shown in the inset of Figure 2a, follows a triangular waveform.
The corresponding values of the phonon peak position,
estimated by fitting the Raman spectra for each value of
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Figure 3. Characterization of the electrical transport of InAs nanowires as a function of strain and modeling with TCAD. (a) The four-probe
resistance (blue data points) and two-probe resistance measured at the voltage probes (green data points) are plotted as a function of the InAs TO
phonon energy (top axis), which is used to determine the axial strain in the nanowire (bottom axis). Circles and squares represent measurements on
two distinct devices. The electron concentrations as modeled by TCAD are shown as continuous lines. The contribution of acceptor traps is shown
in orange and that of donor traps in purple. Their joint effect is shown as a black solid line. (b) The uniaxial stress effect on the band structure of
InAs is described using an 8-band k-p model. The energies of the acceptor and donor-trap distributions are inferred by a TCAD model. The shaded
areas in proximity of the surface trap lines are a guide to the eye. A more intense color indicates a larger portion of ionized traps. The energy width of
the shaded area indicates the full width at half-maximum of the surface trap distribution. The charge carrier distribution inside the nanowire cross
section estimated (c) upon compression, (d) in unstrained conditions, and (e) upon tension are inferred by the TCAD model. Whereas surface
accumulation is present in the unstrained condition and upon tensile stress, depletion is observed upon compression.

applied strain, are shown in Figure 2a. The energy shift of the
Raman peak follows the applied stress waveform, increasing up
to a value of (222.6 + 0.6) cm™' upon maximum compression
and returning to its unstrained value upon removal of the
compressive stress. The Raman spectra maintain a constant
peak width of 4 cm™ across the entire range of compressive
stress (details are given in the SI). When tensile stress is applied
to the nanowire, the Raman peak position decreases, compared
with the unstrained value, to a value of (208.5 + 1) cm™.
Below this threshold, a discontinuity is observed, and the
phonon energy undergoes a sudden increase of S cm™'. When
the nanowire is brought back to unstrained conditions, the
phonon energy measured from Raman spectroscopy reaches a
value of (216.5 + 0.5) cm™". This value, slightly larger than the
one measured in unstrained condition, hints at the presence of
residual compressive stress in the nanowire. The discontinuity
in phonon energy upon the application of tensile stress has
been observed in several devices at values around (208.5 + 1)
cm™' and can be attributed to the mechanical failure of the
nanowire due to tensile stress. This hypothesis is confirmed by
scanning electron microscopy (SEM) images of the devices
taken after the strain cycle (see the SI).

Figure 2b shows the evolution of the electrical transport
properties of the InAs nanowire. When compressive stress is
applied, the four-probe resistance (shown in blue), the two-
probe resistance measured at the voltage probes (shown in
green), and the two-probe resistance measured at the current
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injectors (shown in red) increase by more than 2 orders of
magnitude. When the device is brought back to unstrained
conditions, the resistances return to their unstrained values.
When subsequently tensile stress is applied to the nanowire and
the TO phonon energy shifts below (214.9 + 0.9) cm™, one of
the current injection contacts fails, and the four-probe
resistance of the nanowire device cannot be characterized
further. However, the two-probe resistance can still be
measured using the voltage probes. As more tensile stress is
applied, the nanowire resistance decreases further by almost a
factor of 6, and the TO phonon energy reaches (211.2 + 0.8)
cm™". Further tensile stress leads to a failure of the voltage
probes, and the electrical characteristics of the device can no
longer be obtained.

Figure 3a summarizes the measurement performed on two
InAs nanowires, indicated with circles and squares. The four-
probe resistance and the two-probe resistances are plotted as a
function of the InAs TO phonon energy (top axis). The axial
strain applied to the nanowire (bottom axis) can be determined
from the TO phonon energy measured by Raman spectrosco-
py, as described in the SI. It can be shown that uniaxial stress
breaks the symmetry of the crystal and the degeneracy between
TO phonons. The TO phonon with atomic displacement along
the strain direction (Al symmetry,”” labeled as TOg) has the
highest optical coupling, scattering intensity, and phonon
energy shift with stress.”” Using a bulk-like lattice dynamics
model®” and bulk values for the compliance tensor and for the
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hydrostatic and deviatoric mode-Griineisen parameters,”” we
estimate that the TOg energy shift between (208.5 + 1) cm™
and (222.6 + 0.6) cm™' corresponds to axial strain ranging
between —2.5% in compression and 2.1% in tension. This range
is in very good agreement with measurements performed on
GaAs nanowires on an equivalent bending mechanical device*’
and confirms the accuracy of the strain values extracted.

Figure 3a shows that the two-probe conductance measured at
the voltage probes and the four-probe conductance have similar
values across the entire stress range for both devices and follow
the same functional dependence on strain. This observation
confirms that the variation in the resistance of the metal—
semiconductor interface is negligible and that the measured
change in conductivity is to be attributed to changes in the
transport properties of the InAs nanowire. This remarkable
change in conductance induced by strain on the InAs nanowire
can be understood by using a simple Drude model for
conduction in a semiconductor. By differentiation, we can
express the relative change in the conductance G of the
nanowire as a sum of three contributions:

oG o on

H n (1)
where we have expressed the mobility with y, the charge carrier
concentration with n, the nanowire Poisson ratio with v, and

— (- 21/)%

the length as L The first contribution, (1 — 21/)?, captures the

changes in the nanowire length and cross-section induced by
strain. Its contribution to the relative change in conductance is
of a few percent, ie., of the same order of magnitude as the
induced strain. The second contribution, 5—”, is related to strain-
u

induced variation of the scattering time 7 and of the effective
mass m*, according to the following equation:

o _oe _ omt
uoooT m* 2
Both contributions are expected to be small and limited to

40,68

few percent. The last term, 2", captures the changes in
n

charge-carrier concentration. We consider this term to be
responsible to the large change in conductivity of the InAs
nanowire upon strain. Given these considerations, we assume a
constant value of mobility of 2000 cm?/(V s), typical for the
nanowires used in this measurement,69 and determine the
average charge-carrier concentration in the nanowire cross
section, shown in the left axis in Figure 3a. The increase in
carrier concentration is 0.4 decade/% upon tensile stress and
1.7 decade/% upon compressive stress. The corresponding

gauge factor, which is defined by
1R
R ¢

GF

ranges between 48.8, when maximum tensile strain is achieved,
and 7875, when measured upon maximum compression.

To gain an understanding of the physics of the charge
modulation, we describe the strain dependence of the band
extrema of InAs with an 8 band k-p model (for details, see the
SI). The expected energy-level shifts are plotted in Figure 3b.
The valence band degeneracy between a light hole and a heavy
hole is lifted because of the symmetry-breaking shear
deformation of the InAs unit cell. In contrast, the conduction
band will shift because of the volume-changing isotropic
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deformation component of the strain tensor. The conduction
band minimum (represented in green) and the heavy-hole
maximum (represented in red) shift linearly with strain with
slopes of opposite sign, whereas the light-hole band
(represented in blue) follows a quadratic behavior because of
the strain-mediated spin—orbit interaction and mixing with the
split-off band (represented in yellow). In a first approximation,
we use this band structure model, neglect the effect of surface
accumulation and assume thermal equilibrium to infer the
position of the Fermi level and the bulk electron concentration
as a function of strain and doping concentration. However, this
simplified model predicts the change in electron concentration
to span only 2 orders of magnitude for stresses in the range
between +2% and —2%. If the doping concentration is higher
than the intrinsic carrier concentration, the modulation of the
free electron concentration is reduced even further (more
information about this is given in the SI). To confirm whether
the degradation of the piezo-resistive coefficient with increasing
doping concentration can be observed experimentally, we have
performed measurements on Sn-doped nanowires with an
electron concentration above 10'® cm™ (details in the SI).
However, these measurements yielded the same stress
dependence and modulation of the conductance as observed
in unintentionally doped nanowires. Thus, we conclude that the
strain modifies the energy of the surface states and the surface
accumulation on the nanowire. Only this effect can explain a
change in electron concentration over 4 orders of magnitude,
independently of the doping concentration.

To validate this hypothesis, we self-consistently modeled the
effect of strain on the surface states and on the electrostatics of
the strained InAs nanowire using TCAD.”® InAs (110) surfaces
are known to undergo a relaxation process that leads to donor-
type surface states close to the valence band edge and acceptor-
type states above the conduction band edge.”’ We therefore
describe the surface state density with two Gaussian
distributions for acceptor- and donor-type defects, with peak
density of 3 X 10" cm™ and a full width at half-maximum of
480 meV.”® Using this model, we fitted the nanowire electron
concentration dependence on strain. The resulting fit of the
experimental data is shown in Figure 3a as a black solid curve.
The estimated shifts in energy of the donor and acceptor
interface state distributions are shown in Figure 3b. In
unstrained conditions, the acceptor traps are predicted to be
located 300 meV above the conduction band minimum. This
energy difference decreases to 176 meV upon 2% of
compressive axial strain and increases to 424 meV when 2%
tensile strain is induced on the nanowire. In contrast, the donor
traps are predicted to have their maximum at the valence band
edge in unstrained conditions, to shift by 193 meV below the
valence band maximum (light hole band) upon 2% of
compressive axial strain, and to S5 meV above the valence
band maximum (heavy hole band) upon 2% of tensile strain.
The energy shift induced by strain for the acceptor traps, also
called acceptor trap deformation potential, is estimated to be 32
meV/% (taking the conduction band as energy reference, the
deformation potential has a value of 62 meV/%). The strain-
induced energy shift for the donor traps, ie., the donor trap
deformation potential, is estimated to be 62 meV/% (taking the
conduction band as energy reference, the deformation potential
has a value of 92 meV/%). Ab initio simulations confirm the
correctness of these values (see details in the SI).

The observed modulation of the electron concentration with
strain can be explained by considering the strain dependence of
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the energy difference between trap states and the Fermi level,
which shifts by 44 meV/%, the number of occupied trap states
as a function of strain, and the effect that these states have on
the device electrostatics. The acceptor states with energy higher
than the Fermi level are occupied and neutral, and those with
energy lower than the Fermi level acquire a negative charge,
donating holes to the bulk InAs. With increasing compressive
stress, the energy difference between the Fermi level and the
average acceptor state energy decreases, and more acceptor
traps become negatively charged. Such a negative charge at the
surface of the nanowire acts like a negatively biased gate,
induces the depletion of electrons from the nanowire surface,
and reduces the electron concentration in the nanowire below
the background doping, as shown in Figure 3c. The influence of
donor-like surface states has also to be considered. Whereas
donor states with an energy lower than the Fermi level are
occupied and neutral, the donor state with an energy higher
than the Fermi level become positively charged and donate
electrons to the InAs nanowire. When applying tensile stress,
the energy difference between the Fermi energy and the
average donor-like state energy decreases. This causes a larger
portion of donor states distribution to become ionized and
contribute with more electrons to the conductivity of the
nanowire. Such an increase in electron concentration of the
nanowire upon tensile stress is captured by the TCAD
simulation and shown in Figure 3e. Because of the effect of
donor surface states, the electron concentration increases above
the n-type background doping of 1 X 10'® cm™>, suggesting that
the donor surface states act as extrinsic dopants. These results
demonstrate how uniaxial stress can affect the energy of surface
traps and significantly modulate the electron concentration in
the nanowire.

Conclusion and Outlook. In conclusion, we have
investigated the effect of tensile and compressive uniaxial stress
on the surface states and surface accumulation of InAs
nanowires. Raman spectroscopy was performed to accurately
gauge the strain induced on the device. Using the energy shift
of the TOg phonon as strain gauge (between 209 and 222
cm™), an axial strain ranging between —2.5% in compression
and 2.1% in tension was estimated.

Four-probe and two-probe resistances of InAs nanowires
were characterized as a function of stress. While changes in the
contact resistance induced by stress were found to be negligible,
the value of the four-probe resistances is found to modulate by
strain over 4 orders of magnitude from tension to compression.
The change in charge-carrier concentration is identified as
being the main cause for the modulation of the nanowire
conductivity, and its dependence on stress was simulated by a
TCAD model. The energies of acceptor-type and donor-type
interface states were deduced, and the deformation potentials
for interface states were quantified. The acceptor trap
deformation potential is estimated to be 32 meV/%, whereas
the donor trap deformation potential is 62 meV/%. Finally,
observations realized on InAs devices with different n-type
doping concentrations and ab initio simulation confirmed the
validity of the model.

These results provide a demonstration of the potential of
strain technology for modifying surface states. Strain technol-
ogy could be used together with passivation to control the
density and the energetics of surface states. Notably, strain
could be leveraged to shift the density of interface states into a
range of energy in which device performance is not negatively
affected, thus improving the performance of the device.
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Interface engineering and strain could be also used together,
instead of doping, to control the charge-carrier concentration in
ultrascaled devices. In this way, the limitations induced by
random dopant fluctuations and doping deactivation at the
nanoscale can be relaxed.”" Finally, we envision that a
systematic application of this methodology to devices based
on other III—V semiconductor as well as other novel materials
will provide new insights into the physics of surface states and
help broaden the scope of strain as a technology booster.

Methods. Nanowire Growth. The nanowires are grown by
the vapor—liquid—solid (VLS) method on an InAs (111)
substrate (details about their crystal structure are given in the
SI). The wafer surface is cleaned with a diluted hydrofluoric
acid (DHF) diluted in ratio 20:1 in deionized water (DI). The
surface is then rinsed in DI. Gold nanoparticles, diluted 1:2 in
DI, are dispersed on the substrate and act as catalysts of the
growth. Nanoparticle adhesion is ensured by dipping the
substrate into a solution containing poly-L-lysine and rinsing in
DI prior to deposition. The nanowires are grown by metal—
organic vapor phase epitaxy (MOVPE). Trimethylindium and
tertiarybutylarsine are used as metal—organic precursors, with
flows of 1.4 yuMol/min and 20 #Mol/min, respectively. During
growth, the temperature is kept at 430 °C. The effect of uniaxial
stress for n-type doped InAs nanowires was studied on
nanowires grown at the same temperature using trimethylin-
dium, tertiarybutylarsine, and tetraethyltin, with flows of 2
#Mol/min, 20 uMol/min, and 0.06 Mol/min, respectively.
Both nanowire types have a diameter of 80 nm. After growth,
the nanowires are coated with an Al,O5 shell of 5 nm thickness
by atomic layer deposition (ALD).

Sample Fabrication. The nanowires are transferred from the
growth chip to the flexible substrate by a dry process. Using a
high-magnification optical microscope, individual nanowires are
identified, and images are acquired to measure their position in
relation to predefined markers. The metal contacts are
fabricated by electron-beam lithography and lift-oft technique.
After lithography and development, but prior to metal
deposition, the Al,O; passivation shell is removed in buffered
oxide etch (BOE). To ensure a reliable electrical contact with
the metal, a long BOE etching time is used. In this step, the
AL, O; shell is etched from the entire section of the nanowire
covered by the PMMA. Thus, the nanowire surface is exposed
to ambient without passivation during measurement. A film of
80 nm of nickel and 40 nm of gold is used to establish the
electrical contact to the InAs nanowire device. The contact
areas between the metal and the nanowire have a minimum
width of 300 nm and are spaced 700 nm apart between the
voltage probes and 250 nm apart between the voltage probe
and the current injector.

Raman Spectroscopy. Raman spectra are measured using a
commercial Raman microscope (Horiba Scientific LabRam
HR). The light of a frequency-doubled Nd:YVO, laser (Laser
Quantum torus 532) with a wavelength of 532 nm is focused
onto the central segment of the InAs nanowire device under
test. The polarization of the excitation light is linear and aligned
parallel to the nanowire axis. A laser power of 500 W is used
to minimize the heating of the nanowire and to achieve a good
signal-to-noise ratio. A 100X long-working distance objective
(working distance of 3.4 mm, numerical aperture of 0.8) is used
to focus the excitation light into a spot of less than 1 ym (full-
width half-maximum, fwhm) and to collect the scattered light in
backscattering geometry. The scattered light is collected by a
single-stage confocal spectrometer (1800 lines per mm grating)
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equipped with a liquid-nitrogen-cooled silicon charge-coupled
device (Horiba Symphony II). The polarization of the light
collected by the spectrometer is not selected.

Electrical Characterization. After acquisition of the Raman
spectrum, a set of electrical characteristics are measured in the
absence of any laser excitation or white-light illumination for
imaging. Electrical transport measurements are performed using
a semiconductor parameter analyzer (Agilent 4155C). The
devices under test are selected using a Keithley 707A switching
matrix. The transport characteristics of each pair of contacts are
measured at a low bias of 50 mV. These measurements are used
to identify which contacts function correctly and for which
stress range. A four-probe I-V characteristics is then measured
at a bias up to 400 mV. A current compliance of 10 yA is used
to limit heating and possible contact failure upon tension. Two
external contacts are connected to two source measurement
units (SMU) configured as voltage source and ground,
respectively, whereas the inner contacts are connected to two
SMU configured as a zero-current source. This setup allows us
to quantify the four-probe resistance as well as the two-probe
resistance of the nanowire measured from the current injectors.
Finally, a two-probe I—V characteristics is measured at a bias up
to 400 mV. The measurement is performed by applying a
voltage bias across the two inner contacts, while the outer
contacts are left floating. As was done for the four-probe
measurement, a current compliance of 10 pA is used to limit
heating and possible contact failure upon stress.

TEM Cross-Section Preparation, Imaging, and Analysis.
The contact area between the InAs nanowire and the metal is
investigated by cross-sectional STEM. The lamella was
prepared by means of a FEI Helios Nanolab 450S focused
ion beam (FIB). Before milling, a platinum layer of about 100
nm was deposited on the nanowire to prevent contamination
and damage by the gallium ion beam. The lamella was thinned
to less than 100 nm, inspected with a double spherical
aberration-corrected JEOL JEM-ARM200F microscope oper-
ated at 200 kV, and equipped with a JEOL Dry SD100GV
silicon drift detector with 100 mm? detection area for EDS
analysis. In STEM mode, a convergence semiangle of 25 mrad
was used in combination with an annular dark field (ADF)
detector with inner and outer collection semiangles of 90 and
370 mrad, respectively.

TCAD Modeling. Assuming a mobility of 2000 cm*/(V s),
typical for the nanowires used in this measurement,”” and using
the geometrical dimensions of the central section of the
nanowire as obtained by SEM imaging of the device (diameter
of 80 nm and length of 700 nm), we infer the charge carrier
concentration in the nanowire using Sentaurus Device.”” We
define the nanowire geometry with a hexagonal cross section
and a diagonal of 80 nm. The background doping in the bulk
nanowire is assumed to be n-type, with a doping density of 1 X
10" cm™>. As the hole mobility is approximately 2 orders of
magnitude smaller than the electron mobility in bulk InAs, the
influence of holes has been ignored. The band structure
parameter dependence on strain is obtained by the k-p model
and provided as input to the TCAD tool. The position of the
Fermi energy is determined by imposing global charge
neutrality as well as the self-consistent solution of the Poisson
equation. The interface trap density was defined by the sum of
two contributions,” i.e., one acceptor-type defect distribution
with an average energy higher than the conduction band edge,
and one donor-type defect distribution, with an average energy
close to the valence band edge. Both interface state densities
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have a Gaussian distribution in energy, with a maximum density
of 3 X 10" cm™ eV™! and a fwhm of 480 meV.** In the first
optimization step, performed in unstrained conditions, the
average energy of the acceptor and donor surface state
distributions are used as fitting parameters to minimize the
difference between the simulated and the measured electron
concentration. To fit the strain dependence of the electron
concentration, the average energy of the surface states is forced
to shift linearly with strain, and the surface-state deformation
potentials, which describe the energy shift of the surface states
with strain, are used as fitting parameters.
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