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The authors have used scanning gate microscopy combined with numerical simulations to analyze
local carrier and current modulation effects in InAs semiconductor nanowires grown by
metal-organic chemical vapor deposition. Measurements of current flow in the nanowire as a
function of probe tip position, at both high and low drain bias, reveal that carrier and current
modulation is strongest when the probe tip is near the source and drain nanowire contacts, and
decreases at greater tip-contact distances. The measured transconductance is approximately 80%
greater near the source contact for high drain bias condition and 120% greater near the drain contact
for low drain bias condition, respectively, than at the center of the nanowire. Numerical simulations
for different tip positions relative to the metal contact confirm that carrier modulation should be
stronger when the tip is closer to the source or drain contact than at the center of the wire, consistent

with the experimental measurements.

© 2007 American Vacuum Society. [DOI: 10.1116/1.2746355]

I. INTRODUCTION

With the end to traditional silicon transistor scaling in
sight, there is intense current interest focused on identifying
alternatives which will enable continued improvements in
performance of future electronic systems.! Of the various
material systems and structures being investigated, semicon-
ductor nanowires are particularly intriguing due to the flex-
ibility afforded in heterostructure formation and their scal-
ability to very small sizes. In recent years semiconductor
nanowires have been extensively explored as building blocks
for nanoscale electronic device:s,z’4 optoelectronics,s’7
sensors,® and high performance logic circuits.”'” Among
these, the semiconductor nanowire field effect transistor' 2
(SNWFET) has drawn particular interest, both as a vehicle
for basic carrier modulation investigation or transport study
and as a potential future high performance electronic device
for large-scale integrated systems.13

In optimizing the performance of SNWFET device struc-
tures, understanding and optimizing the coupling between
gate and channel play a major role in improving device
performance. Back-gate,7’14 top-gate,“’lz’ls’16 and
surrounding-gate17’18 SNWEFET geometries have been suc-
cessfully demonstrated. Top-gate and surrounding-gate de-
vices exhibit excellent electrical characteristics, including
steep subthreshold slope and high transconductance, a sig-
nificant improvement relative to back-gate devices, which
typically suffer from use of a thicker gate dielectric. Top-gate
devices are also suitable for high frequency applications,
thanks to their smaller overlap capacitance between gate,
source, and drain compared with that of back gate. Com-
pared to a surrounding-gate geometry, a top-gate structure
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has the advantage of being more easily integrated in conven-
tional fabrication process due to its planar structure.

To understand and optimize device performance in the
top-gate geometry, we need to examine more closely and at
the nanoscale how a top gate influences the carrier modula-
tion and transconductance along the channel of the SN-
WFET. For this purpose, scanning gate microscopylg’zo
(SGM), which has been used successfully to characterize lo-
cal nanoelectronic properties in other material systems, is a
very attractive candidate. In this measurement, we use a con-
ductive atomic force microscope (AFM) tip, which can be
viewed as a very narrow top gate, to scan over the sample
while biasing the two-terminal device at a constant source-
drain voltage. Using SGM we observe that, at both positive
and negative tip voltages, modulation of current flow in the
nanowire varies as the tip distance from source/drain con-
tacts changes: modulation is stronger when the tip is close to
a contact and weaker when the distance is greater. Numerical
simulations corroborate our observations and show that car-
rier modulation is strongly dependent on the probe tip (ultra
small gate) position, where the maximum effect is attained
when the tip is close to the source/drain contacts. These re-
sults provide insight into the design of highly scaled devices
with a top-gate geometry to attain improved device charac-
teristics such as higher transconductance and better i,/i
ratio.

Il. EXPERIMENT

The InAs nanowires used in these studies were grown by
metal-organic chemical vapor deposition using colloidal Au
nanoparticles ~40 nm in diameter for nucleation of nano-
wire growth on thermally oxidized Si (001) substrates.
Growths were conducted at a chamber pressure of
~100 Torr and a substrate temperature of 350 °C. The nano-
wires were unintentionally doped n type, and for each
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FiG. 1. Schematic diagram of experimental probe tip and sample geometry
and electrical measurement configuration. A dc voltage V, is applied to the
conductive AFM tip and current through the nanowire /, is measured for
fixed bias voltage V,, as a function of tip position, with the probe tip serving
as a top gate to the nanowire in a three-terminal device measurement.

growth, nanowire diameters typically were in the range of
40-100 nm. Following sonication to release the nanowires
into solution, the nanowires were deposited onto a 600 nm
Si0, layer produced by thermal oxidation on a n* Si (001)
substrate. Electron beam lithography followed by 15 nm
Ti/85 nm Al metallization and a standard lift-off process was
used to create Ohmic contacts to the randomly positioned
nanowires. The well-known phenomenon of Fermi-level pin-
ning above the conduction-band edge of InAs (Ref. 21) en-
abled ready formation of low-resistance Ohmic contacts to
the InAs nanowires. After two-terminal devices were fabri-
cated in this manner, a 20 nm SiO, layer was sputtered on
top of the sample to prevent damage to the nanowires when
large bias voltages are applied via a conducting probe tip in
the SGM measurement. Finally, the microfabricated Ohmic
contact pads are wire bonded to a custom built sample holder
using a 10 um diameter Au wire for connection to external
electronic instrumentation.

Figure 1 shows a schematic diagram of the experimental
configuration used in the scanning gate microscopy measure-
ment. A dc potential V,=Vy;, is applied to the AFM probe
tip, while a separate bias voltage V is applied between the
source and drain contacts to the InAs nanowire, with the
source contact grounded. The resistance or conductance of
the nanowire is then measured as a function of tip position
over the nanowire. The biased AFM probe tip, acting as a
local gate contact, changes the electrostatic potential of the
nanowire, and induces either accumulation or depletion of
electrons, depending on the bias voltage, and in this way
alters the nanowire conductance. While scanning the tip over
the sample at a fixed tip voltage at a typical scan speed of
1.8 um/s, the image of the nanowire current as a function of
tip position can be used to reveal different responses to
changes in the electrostatic potential at each local position
inside the nanowire. In the SGM measurement, the system
performs a two-pass scan: on the first pass, the topography of
the sample surface is recorded, and on the second pass, the
tip is lifted to a predefined height, 5 nm in this measurement,
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FIG. 2. (a) AFM topograph and SGM images of InAs nanowire at low bias
voltage (V,;=0.045 V). (b) AFM topograph and SGM images at high bias
(V4=0.3 V). In the current images, the darker regions are where the current
is reduced as the AFM tip depletes the nanowire.

and follows the topographic profile while at the same time, a
voltage is applied and nanowire current measured. In this
manner, topographically induced imaging artifacts can be
minimized or eliminated.

lll. RESULTS AND DISCUSSION

Figure 2 shows AFM topographs of an InAs nanowire and
the source and drain Ohmic contacts to the wire, from which
a channel length of ~1 um and a nanowire diameter of
45 nm (corresponding to the nanowire height measured by
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FiG. 3. Transconductance g,, generated from the SGM current images as a
function of tip-source contact distance, for a device with source-drain sepa-
ration of 1 um at (a) high drain bias (V;=0.3 V) and (b) low drain bias
(V4=0.045 V).

AFM) can be determined. Figure 2(a) shows an AFM topo-
graph and SGM current images acquired for a fixed drain-
source bias V,;,=0.045 V (low field) at V,=—6 and +6 V and
a scan frequency of 0.3 Hz. The current data were captured
around every 6 nm on the sample. At V,=-6 V, we can see
that the current flow through the InAs nanowire is reduced
when the tip is scanned over the nanowire (darker region in
the current image), which occurs due to the electron deple-
tion under the negatively biased tip. For V,=+6 V, the SGM
image reveals that current through the nanowire increases
(bright region in the current image), due to increased elec-
tron accumulation and electrical conductivity in the portion
of the nanowire closest to the probe tip.

Figure 2(b) shows an AFM topograph and SGM current
images acquired for V,;=0.3 V (high field), at V,=—4 and
+4 V. Behavior qualitatively similar to that observed at low
fields is observed, with current flow through the nanowire
decreased at negative gate (tip) bias voltages and increased
for positive gate voltages. We also note that, for both low and
high field conditions, the strongest current modulation is ob-
served when the gating probe tip is positioned near one of
the metal contacts. As discussed below, we expect, and have
confirmed via numerical simulations, that the strongest cur-
rent modulation is indeed to be expected near the contacts
rather than at or near the midpoint of the nanowire, and the
observed asymmetry in current modulation near the contacts
may be a consequence of the nature of potential barrier for-
mation in the nanowire channel. In addition, the SGM im-
ages at both low and high fields show that current modula-
tion is stronger when the probe tip is located near the edge
of, rather than directly atop, the nanowire. We interpret this
observation as a consequence of the fact that, given the ap-
proximately conical shape of the probe tip, the effective tip-
sample contact area is substantially larger when the probe tip
is near the edge of the nanowire than when located directly
atop the nanowire axis, and the possibility that the insulating
Si0, layer between the tip and nanowire is thinner on the
sides of the wire than on top.

The observation in Fig. 2 that at both positive and nega-
tive tip bias, carrier modulation is stronger when the tip is
near the source or drain contact, and diminishes towards the
midpoint between the two, can be analyzed more quantita-
tively. Figure 3(a) shows the transconductance, g,,
=dl,/dV,, extracted from a series of SGM images obtained
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at high drain bias, V;=0.3 V, as a function of tip bias volt-
age for several different distances between the tip apex and
the source contact. Each data point is obtained by averaging
the measured current in the nanowire over a 100 nm interval
along the length of the nanowire. The transconductance, cor-
responding to the slope of each /,;-Vy;, curve, is then a mea-
sure of the effectiveness of the probe tip in modulating cur-
rent flow in the nanowire. From the figure we see that the
transconductance peaks for the interval corresponding to dis-
tances of 100-200 nm from the source contact are slightly
lower for distances of 0—100 nm from the contact, and de-
crease steadily as distance to the source contact increases: g,,
in these measurements increases by as much as ~80% as the
tip moves from the midpoint between the source and drain
contacts to the interval at which maximum transconductance
is observed. Qualitatively similar behavior but with slightly
lower transconductances is observed near the drain contact.
The transconductance values observed here are relatively
low, which we attribute to a combination of three factors: (i)
the probe tip effectively contacts only a small fraction of the
nanowire circumference, reducing its ability to modulate car-
riers within the nanowire; (ii) there is a small (~5 nm) air
gap between the probe tip and the sample surface, which
substantially reduces the gate capacitance per unit area; and
(iii) the relatively high tip scan speed effectively results in a
high voltage slew rate, which separate studies have shown
reduces nanowire carrier modulation due to the presence of
charged trap states at the InAs surface.”

Figure 3(b) shows g,, as a function of gate (probe tip)
location, obtained in the same manner as described above,
for low drain bias, V;,=0.045 V. Once again, we see that g,
is minimized when the gate is near the midpoint between the
source and brain contacts, and maximized approximately
100-200 nm away from each contact. For low drain bias, an
increase in g,, of as much as ~120% is observed as the
probe tip position moves from the midpoint of the InAs
nanowire to the intervals at which maximum transconduc-
tance is observed. In comparing the transconductance behav-
ior in the low and high drain bias regimes, we note that for
high drain bias the transconductance is greatest near the
source contact, while for low drain bias the transconductance
is greatest near the drain contact. While asymmetries at the
nanoscale in InAs nanowire structure or contact morphology
may contribute to these observations, an additional factor
under high drain bias conditions may be that local gate
modulation near the source contact will create a barrier for
electron transport into the channel, thereby increasing the
transconductance, while for gate modulation near the drain
contact carriers accelerated by the electric field within the
channel may be able to surmount the local gate-induced po-
tential barrier, as has been postulated for high-bias transport
in carbon nanotubes.” In addition, we note that the transcon-
ductance as a function of distance from the source contact to
the nanowire is very similar for both low and high drain bias
except near the drain contact; this suggests that most of the
potential drop within the nanowire associated with applica-
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FIiG. 4. (a) Schematic 3D geometry used in the ISE simulation of gating
effect in the tip-nanowire structure. (b) Two-dimensional cross section of
electron concentration in the nanowire as a function of tip distance from the
source contact at Vg=—5 V for tip-contact distances of 25, 50, 100, 200,
300, 400, and 500 nm. The black bar above each cross section indicates the
tip position. All data are shown on the same scale, showing that gate modu-
lation is more pronounced when the gate is close to the metal source or drain
contact.

tion of V,, occurs near the drain contact—otherwise, g, for
this range of bias voltages would be expected to increase
approximately linearly with Vds.l6

To further assist in the interpretation of these SGM re-
sults, we have performed detailed numerical simulations of
the device and probe tip structures employed in the SGM
measurements. A few groups have attempted to model the
electrostatic potential of the scanning gate structure com-
bined with a carbon nanotube or nanowire.’** However,
these models are mostly quite simple and do not account for
certain key factors in the SGM experiment, such as tip ge-
ometry and boundary conditions between different dielectrics
and the semiconducting nanowire material. We have there-
fore performed a three-dimensional (3D) numerical simula-
tion of the measurement structure using the Integrated Sys-
tem Engineering26 (ISE) simulator, taking into account the
factors mentioned above.

Figure 4(a) shows the schematic configuration of the 3D
structure used in the ISE simulations. A 50 nm diameter InAs
nanowire with channel length of 1 um is placed on top of
100 nm SiO,. The dopant concentration in the bulk region of
the n-type nanowire is 5X 10'® cm™. To account for the
Fermi-level pinning in the conduction band of InAs at the
surface, we introduce an electron concentration of 1
X 10" ¢cm™ in a cylinder within 10 nm of the nanowire sur-
face. Previous studies”’ suggest that at this concentration, the
Fermi level is pinned above the conduction band edge at an
energy very close to previously reported experimental and
theoretical values.”® Source and drain contacts 200 nm in
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length are placed at both ends of the nanowire and set to
ground potential. A pyramid-shaped probe, with tip diameter
~30 nm, is positioned 20 nm above the nanowire and a dc
bias voltage is applied to the probe. The rest of the space in
the figure is defined as vacuum for the purpose of setting up
the 3D meshes. Electrostatic potential, electron concentra-
tion, electric field, etc., at each mesh point are calculated
using the finite element method to solve Poisson’s equation.

Figure 4(b) shows the simulated electron concentration
distribution in a two-dimensional cross-sectional plane bi-
secting the nanowire along its axis. As indicated in the fig-
ure, a conductive AFM tip, biased at =5 V, is placed at dif-
ferent distances from the contact, ranging from
25 to 500 nm. When the tip is close to a contact, i.e.,
25-100 nm from the left contact in the figure, the electrons
are fully depleted both at the surface and in the bulk of the
nanowire under the tip. When the tip is positioned farther
from the contact, the depletion is weaker and only electrons
at the surface are fully depleted; minimum depletion occurs
when the tip is above the center of the nanowire. It should be
noted that the maximum depletion is achieved at a distance
of 100 nm. This is because when the tip is very close to the
source, the screening effect from the metal becomes signifi-
cant, thus weakening the effective carrier modulation from
the gate. The maximum carrier modulation at 100 nm is a
combined result of these gating and screening effects. The
same behavior is observed experimentally in the scanning
gate measurements, although in the SGM measurements
there is the additional possibility of the tip-nanowire separa-
tion increasing when the distance between the tip and sample
is comparable to the probe tip radius (~20-50 nm) due to
the nonzero contact metallization thickness causing the tip to
ride up the contact. These results corroborate and help us
explain more fully the SGM measurement results, confirm-
ing that the current contrast shown in Fig. 2 arises from
position-dependent modulation of the nanowire electron con-
centration by the local top gate.

These results offer important information on the effect of
gate geometry and position on carrier modulation that is
likely to be useful in the design of highly scaled nanowire-
based and potentially other nanoelectronic devices. We see,
in both experimental measurements and simulation, that car-
rier modulation by the narrow top gate strongly depends on
the gate position. When the tip is near the source or drain
electrode, the carriers are modulated more effectively, which
means the device can be turned on and off more easily and,
correspondingly, the i,,/i; ratio and transconductance
should be larger. In addition, at large source-drain bias volt-
ages V,, the combined effects of V, and V, can influence
the channel potential profile and lead to maximization of
transconductance for gate positions specifically near the
source rather than the drain contact. Such positioning of the
gate would also be consistent with the desire in a field-effect
transistor to minimize source resistance via reduction of the
gate-source separation, and to enable realization of increased
breakdown voltages by increasing the gate-drain spacing.
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IV. CONCLUSIONS

In summary, we have performed scanning gate micros-
copy studies and numerical simulations of an InAs semicon-
ductor nanowire with a local conductive probe acting as a
gate contact, and we have shown that electron concentration
and current modulation in a scaled semiconductor nanowire
device can be strongly dependent on the gate geometry: car-
rier and current modulation is strongest when the local gate
contact is near the source and drain contact regions, and
weakens when the gate is moved farther away from the con-
tacts. Experimentally, variations in transconductance up to
approximately 80% are observed as the probe tip serving as
the gate contact is moved from the midpoint between the
source and drain contacts to the point of maximum current
modulation near the source in the high field measurement,
and up to 120% for gate positions near the drain in the low
field measurement. 3D numerical simulations confirm that
carrier modulation is maximized when the gate (probe tip) is
positioned ~100 nm from the source or drain contact, and
steadily decreases as the probe tip is moved away from the
contact. For tip-contact distances of less than ~100 nm, nu-
merical simulations show that screening by the metal contact
reduces carrier modulation, corroborating experimental ob-
servations of a reduction in transconductance as the probe tip
gate contact is moved very close to the metal contact. We
expect that these observations should have substantial impli-
cations both for the understanding of carrier transport behav-
ior at the nanoscale, and the design of highly scaled
nanowire-based field-effect transistor structures.
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