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ABSTRACT: Ballistic transport of electrons at room temper-
ature in top-gated InAs nanowire (NW) transistors is
experimentally observed and theoretically examined. From
length dependent studies, the low-field mean free path is
directly extracted as ~150 nm. The mean free path is found to
be independent of temperature due to the dominant role of
surface roughness scattering. The mean free path was also
theoretically assessed by a method that combines Fermi’s
golden rule and a numerical Schrodinger—Poisson simulation
to determine the surface scattering potential with the
theoretical calculations being consistent with experiments.
Near ballistic transport (~80% of the ballistic limit) is
demonstrated experimentally for transistors with a channel
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length of ~60 nm, owing to the long mean free path of electrons in InAs NWs.
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he scaling of electronic transistors for performance and

density enhancement has been a major driving force
behind the advancement of modern integrated circuit
technology. As scaling becomes increasingly difficult, the
electronics industry is moving toward unconventional materials
and nonplanar structures. Both of these aspects are inherent in
InAs nanowire (NW) transistors, making them a promising
platform for future high-performance transistors. > One
critical goal in scaling is to obtain ballistic devices,®™® where
carriers are transported through the channel without under-
going scattering events. Ballistic devices are highly desirable as
they offer minimal resistive voltage drop in the channel. Hence,
ballistic operation presents the upper limit for the ON-state
conductance of a transistor. InAs can potentially be used to
fabricate ballistic transistors given its relatively long bulk
electron mean free path (1).'° In this re%ard, detailed
characterization of 1 of InAs NWs is required," "> especially
as a function of subband population. Recently, we reported the
direct observation of one-dimensional (1D) subbands in the
electrical transfer characteristics of long-channel (L ~ 8 pm)
InAs NW field-effect transistors (FETs)."> Given the large Bohr
radius of InAs (~34 nm),"* strong quantization with prominent
subband spacing is readily observed for sub-50 nm diameter
NWs. The devices were passivated by a ZrO, dielectric that
resulted in the lowering of surface disorder, and thereby
allowing for the direct mapping of the transport in individual
1D subbands. Given that for a ballistic NW, each 1D subband
contributes a quantum unit of conductance of G, = 2¢?/h,"* the
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transmission probability and thereby A can be directly assessed
from electrical measurements. Here, by fabricating InAs NW
FETs with different channel lengths down to ~60 nm, we
experimentally extract A ~ 150 nm for electron transport in the
first and second subbands. The experimental results are
consistent with theoretical calculations of momentum relaxa-
tion times associated with surface roughness (SR) scattering
mechanisms. Given the relatively long mean free path in InAs
NWs, ultrashort channel FETs with L ~ 60 nm are shown to
exhibit a conductance of ~0.8G, for the first subband,
suggesting electron transport at ~80% of the ballistic limit,
independent of temperature.

InAs NWs used in this study were grown by a vapor
transport technique described previously.”® The NWs were
suspended in anhydrous ethanol and drop casted over a Si/
SiO, substrate. Multiple Ni (~40 nm thick) source/drain (S/
D) contact electrodes of varying spacing (L ~ $10—60 nm)
were defined on each NW by electron-beam lithography,
metallization, and lift-off. The sample was then annealed at 185
°C under vacuum in order to reduce the contact resistance at
the Ni/InAs interface. Previous studies have shown that
annealed Ni contacts to InAs NWs exhibit ohmic properties
without parasitic resistances.'” A 15 nm ZrO, gate dielectric
was deposited at 130 °C via atomic layer deposition (ALD),
followed by a 130 °C forming gas anneal for 30 min to improve
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the dielectric/InAs interface quality.'® Finally, a single Ni/Au
(20/30 nm) top-gate electrode overlapping the S/D contacts
was defined via photolithography. Figure 1 shows a cross-
sectional schematic, optical image, and scanning electron
micrograph (SEM) of the fabricated devices.
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Figure 1. (a) Cross-sectional schematic of a top-gated InAs NW
device explored in this study. (b) Optical image and (c) false color
SEM image of the fabricated devices, featuring one nanowire contacted
by multiple source/drain fingers for length dependent measurements.

Low-field transfer characteristics of InAs NW FET's with L ~
60, 150, 340, and 510 nm at 120 K are shown in Figure 2. All
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Figure 2. (a) G—Vg; plots for 26 nm diameter InAs NW FETs with
varying channel lengths. The plots have been shifted in Vg for
presentation clarity.

devices are fabricated on a single NW. The diameter of the NW
was measured by atomic force microscopy (AFM) as ~31 nm,
which corresponds to an actual InAs diameter of ~26 nm
considering the ~2.5 nm thick native oxide previously observed
under transmission electron microscopy (TEM) for NWs
grown by the same method.'” Conductance was obtained by
dividing the measured drain current by the applied drain
voltage (Vg = 10 mV) and plotted in units of G,. Distinct step-
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like features are observed in each conductance plot, which are
due to quantization of the channel density of states, with each
step attributed to the population of a single 1D subband.
Importantly, the conductance value for each subband can be
easily extracted from the plateaus of the G—V(g plots. Note that
as we previously reported, the height of the second subband
plateau is approximately twice that of the first subband for long
channel devices where the transport is largely diffusive,” as
evident in the L ~ 510 nm device (Figure 2). This
phenomenon is due to the two-fold degeneracy of the second
subband arising from the structural symmetry of cylindrical
NWs. The conductance ratio of the second to first plateaus
decreases as the channel length is reduced. This observation
can be attributed to the difference in parasitic contact resistance
R, of the two subbands.

The total resistance of each subband plateau can be
analytically expressed as*

L
R=R +R(1+—)
c q ﬂ

where R, is the quantum resistance, which is 1/G, for the first
subband and 1/2G, for the second subband due to degeneracy.
By plotting R versus L for each subband plateau, A can be
extracted from the inverse of the slope, and R, can be extracted
from the y-intercept (Figure 3ab, inset). The extracted R,
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Figure 3. Experimental and fitted transmission probability versus
channel length plots for the (a) first and (b) second subbands.

Resistance versus length plots are shown in the insets.

values are ~0 and 0.3/G, for the first and second subbands,
respectively. The absence of contact resistance for the first
subband is expected given the negative Schottky barrier heights
previously reported for bulk InAs/metal interfaces.”’ The
presence of a contact resistance for the second subband is
indicative of a small Schottky barrier height to the higher
energy subbands. As noted later in the manuscript, the device
resistance is independent of temperature, suggesting that the
Schottky barrier height and width must be small and thin,
respectively, with electron tunneling at the metal interface
being the primary source of carrier injection. Given that the
barrier heights to the first two subbands are either negative or
very small,"® the Vg dependence of R. is assumed to be
negligible.

From the inverse slope of R versus L (Figure 3a,b inset), the
electron mean free paths for the first and second subbands are
extracted as 4,.; ~ 150 + 40 nm and A,_, ~ 160 + 50 nm,
respectively, which is in good agreement with previously
extracted values using other techniques.'"'* By normalizing the
observed G of Ist and 2nd subbands by G, and 2G,,
respectively, we can obtain the transmission coeflicient T of
carriers traversing our devices, which gauges how close the
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subband conductance of the devices is to the theoretical limit of
scaling. Plots of T versus L for the first two subbands are shown
in Figure 3a,b. The shortest device (L ~ 60 nm) in our study
exhibits a T of ~80%, which is the highest value reported for
inorganic semiconductors to date. The results highlight the
near ballistic transport in InAs NWs when L < A.

In order to better understand the observed transport
characteristics, 4 values due to SR scattering were assessed
theoretically by a method that combines Fermi’s golden rule
and a numerical Schrodinger—Poisson simulation to determine
the SR scattering potential. SR scattering was assumed to be the
dominant scattering mechanism according to previous InAs
NW and thin film mobility studies'*'” and the lack of
temperature dependence in transmission probability (shown
later in this paper). The SR is described statistically by an
exponentially decaying autocorrelation function with the
parameters A, (the RMS SR magnitude) and L. (the
correlation length along the axis direction). Only SR in the
axial direction of the NW is considered. From the calculated
momentum relaxation time 7, 4 is calculated as A = vz, where
vg is the initial Fermi velocity of the carrier. The details of this
simulation approach are described in the Supporting
Information. The results indicate that the SR parameters of
A, ~03nmand L. % 6 nm result in 4 ~ 175 and 138 nm for
the first and second subband at ~25 meV above the subband
edge, in which 25 meV is about one half of the spacing between
the first and second subbands. These theoretical values are
consistent with the extracted experimental values. The low
density-of-states (DOS) of scattering final states arising from
the quasi-1D structure and low effective mass of InAs
contributes to the long A. Furthermore, the calculated 4 of
the first subband is slightly larger than that of the second
subband due to the following reason. The scattering potential
matrix element square of the second intrasubband scattering is
about a factor of ~1.27 larger than that of the first subband, as
calculated by Schrodinger—Poisson simulations, because the
charge centroid of the second subband is closer to the surface.
The experimentally extracted values for the first and second
subbands, however, are nearly identical most likely due to the
uncertainty in the experimental values.

Next, we focus on the temperature-dependent transport of
InAs NWs. Figure 4 shows the transfer characteristics for L ~
60 nm (Figure 42) and L ~ 510 nm (Figure 4b) NW devices as
a function of temperature (120—300 K). For both channel
lengths, increasing the temperature only causes the broadening
of the subbands population (i.e., conductance steps), without a
change in the overall conductance of the device. Modeling was
performed to shed light on the temperature dependency of the
transfer characteristics.'> Briefly, the subband density versus
energy for a NW was obtained by analytically solving
Schrodinger’s equation for the device. The energy axis was
converted to gate voltage by the relationship Vg = E/e — (Q/
Cins), where E is electron energy, Q is the total charge in the
NW, and C is the gate capacitance. The gate capacitance was
obtained by a Poisson simulation as 2.57 X 107'° F/m.** The
following term, AV, = AQ;/C,y, was added to the previous
calculations to account for a density of interface traps (D) of 3
X 10" states/cm® eV as previously reported for InAs/ZrO,
interfaces™ with AQ, = AED,. A gate coupling factor of 0.8
was applied to C,,, to fit the data for the L = 60 nm device,
justified by the reduction of gate coupling in short channel
devices. Each step in the subband density was multiplied by its
corresponding experimental transmission probability to convert
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Figure 4. Temperature dependent G—V; plots for (a) L = 60 nm and
(b) L = 510 nm InAs nanowire devices. Both experiment (open
circles) and modeling (solid lines) data are presented. The plots have
been shifted in Vg for presentation clarity.

the y-axis to conductance. The resulting curve was then
broadened with the Fermi function. The curves from this
model agree well with the experimental results, indicating that
the transfer characteristics of these devices can be described by
focusing on the available states for conduction, as opposed to
the well-known diffusive transport MOSFET equations.
Importantly, note that the transmission probability and gate
coupling fitting parameters were kept constant over all
temperatures. It can easily be seen that the experimental
current levels do not drop below the model, indicating that
transmission through the NWs does not degrade with
temperature. Two deductions can be made from this
temperature dependency observation. First, the A extracted
from the transmission probability values does not depend on
temperature, implying that the dominant scattering mechanism
is temperature independent SR scattering. A similar conclusion
was previously made from the mobility analysis of long-channel
InAs NW FETs.'? Second, the transmission values extracted at
120 K can be extended to room temperature, implying that the
L ~ 60 nm device is ~80% ballistic at room temperature.

In summary, the mean free path for carrier scattering in InAs
NW FETs is directly extracted for electron transport in the first
and second subbands by examining resistance as a function of
channel length. Because of the observation of discrete subband
transport in the transfer characteristics, direct analysis of the
ballistic transport can be deduced with L ~ 60 nm devices
exhibiting near-ballistic transport (~80% ballistic) independent
of temperature. This represents one of the most ballistic device
systems reported to-date at room temperature, owing to the
relatively long mean free path of ~150 nm for the first subband
transport. Surface roughness scattering is shown to be the
dominant scattering mechanism. In the future, further improve-
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ment of the surface properties and reducing the SR could
potentially enhance the mean free path of the experimental NW
FETs. Most importantly, this work provides a platform for the
study of ultrascaled, nonplanar devices based on III—V material
systems where quantization plays a major role in determining
the electrical properties, given their relatively large Bohr radius.
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Modeling surface roughness (SR) scattering

The theoretical model of SR scattering is based on the Born approximation and
self-consistent solutions of the Schrodinger and Poisson equations [1]. By describing
the SR statistically using an exponentially decaying autocorrelation function, the rate
due to SR scattering is expressed as [2,3],

A1
Liq?

2 7 e?MgD{(E
I _27eMiD )\/EA;LC(H : ) (1-cos ™)

T SR(E) h

where D¢(E) is the density of states for the scattering final states, L. is the
correlation length along axial direction, Am is the RMS SR magnitude, q is the
axial wavevector along the z-direction, and [1 = 7 for backscattering in 1D
transport. Only SR in the axial direction of the NW is considered and the SR in the
azimuthal direction is neglected [3]. The validity of this assumption will be discussed
later. The expression is different from the equation of the SR scattering rate in planar
MOSFETs because the autocorrelation is related to its spectral function through a
one-dimensional rather than two-dimensional Fourier transform for a NW with SR

only along the axial direction.

The matrix element square of perturbing potential My is defined as

fw [AVm]\yd
n A nr

where Wn is the envelope function for n™ subband and AV, is the SR perturbing

MSl'll'l:

potential which is calculated as the electrostatic potential variation by perturbing the

NW radius by A using a numerical self-consistent Schrédinger-Poisson simulation of
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the NW cross section [1]. From the momentum relaxation scattering rate, the mean
free path is obtained by using A (E) = vg(E) T o) where vy is the initial Fermi

velocity of the carrier.

Using numerical self-consistent Schrodinger-Poisson calculations [4], the matrix
element squares are calculated as[1] Mg;;=( 17 mV/nm )2, and Mgy,/Mg;1=1.27. X
is calculated for a NW radius Ryw=13nm at the energies of E-E¢;=25meV and
E-Ec,=25meV for the 1st and 2nd subbands, in which E_; is the ith subband edge.
The values of A,—; ~ 175nm and A, ~ 138nm are obtained by using A,,~0.3nm and

L.~6 nm as fitting parameters.
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