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ABSTRACT: Aligned arrays of silicon nanowires (aa-Si NWs) allow the
exploitation of Si NWs in a scalable way. Previous studies explored the influence
of the Si NWs' number, doping density, and diameter on the related electrical
performance. Nevertheless, the origin of the observed effects still not fully
understood. Here, we aim to provide an understanding on the effect of channel
number on the fundamental parameters of aa-Si NW field effect transistors (FETs).
Toward this end, we have fabricated and characterized 87 FET devices with varied
number of Si NWs, which were grown by chemical vapor deposition with gold
catalyst. The results show that FETs with Si NWs above a threshold number (1 >
80) exhibit better device uniformity, but generally lower device performance, than
FETs with lower number of Si NWs (3 < n < 80). Complementary analysis indicates
that the obtained discrepancies could be explained by a weighted contribution of
two main groups of Si NWs: (i) a group of gold-free Si NWs that exhibit high and
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uniform electrical characteristics; and (ii) a group of gold-doped Si NWs that exhibit inferior electrical characteristics. These
findings are validated by a binomial model that consider the aa-Si NW FETs via a weighted combination of FET's of individual Si
NWs. Overall, the obtained results suggest that the criterions used currently for evaluating the device performance (e.g., uniform
diameter, length, and shape of Si NWs) do not necessarily guarantee uniform or satisfying electrical characteristics, raising the

need for new growth processes and/or advanced sorting techniques of electrically homogeneous Si NWs.
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B INTRODUCTION

The ability of silicon nanowires (Si NWs) to carry electrical
current makes them promising building blocks in various
(opto)nanoelectronic and nanosensing devices." ™' For tech-
nological applications, the ease and effectiveness with which Si
NWs are assembled and integrated into large-scale devices are
significant, making the use of aligned arrays of Si NWs (aa-Si
NWs) critically important.''~** Devices based on aa-Si NWs
could (i) permit controllability over the sensitivity, response
and recovery times, and device dimensions; (ii) bridge between
the nanoscale and the macroscale worlds; and (iii) circumvent
the requirement of position and structural control because the
devices would display average properties of many distributed Si
NWs.'" Hence, the aa-Si NWs could be processed into devices
of arbitrary size using conventional microfabrication technol-
ogy."" Nevertheless, the low stability, reproducibility, and error
tolerance still pose a challenge for realizing such devices for
real-world technological applications. To overcome these
challenges, it is essential to understand the scaling properties
of aa-Si NWs.

Previous studies have explored the influence of Si NWs'
number, doping density, and diameter in the context of
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sensing,s"zs_27 and aqueous sensing of various species.
Nevertheless, the origin of the observed effects still not fully
understood, mainly because of (i) the common assumption that
Si NWs grown in a specific batch, under the same conditions,
exhibit similar electrical characteristics to each other; (ii) the
common assumption that Si NWs with similar diameter, length
and/or shape exhibit similar electrical characteristics to each
other; and (iii) the lack of correlation between the electrical
and material properties of the Si NWs. In this study, we devised
a fabrication process for field effect transistors (FETs) with a
carefully controlled Si NWs' number between the source and
drain electrodes. We study the effect of the number of Si NWs
on the FET performance and provide a model that could help
future designs of efficient and reproducible aa-Si NW FETs.

gas-phase chemical
28-30

B EXPERIMENTAL SECTION

Growth of the Si NWs. P-type Si NWs with an average diameter
of 40 + 8 nm and an average length of 8.5 + 1.5 ym were grown on Si
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wafers by chemical vapor deposition, using SiH, and B,H (1:20000 of
B:Si ratio) as precursor gases and gold as a catalyst for the one-
dimensional growth of Si NWs.*!

Deposition and Imaging of the Si NW Arrays. The as-grown Si
NWs were first etched in a buffered hydrofluoric acid for 15 s and in a
KI/1,/H,0 (mass ratio 4:1:40) solution for 2 min, to remove (i) the
gold catalyst used during the growth process, (ii) the native SiO,, and
(iii) possible gold contaminants on the Si NW surface. Following the
initial pretreatment process, the Si NWs were dispersed in ethanol,
using ultrasonication for 6 s. The dispersed Si NWs, probably because
of the ultrasonic process, exhibited relatively higher length distribution
(4—10 pm) than the Si NWs attached to growth batch (7—10 ym).

Si NWs dispersed in ethanol were deposited on a precleaned p-
Si(100) (0.001 Q cm resistivity) “receiver” substrate with 300 nm
thermal oxide and a Ti/Au (10/200 nm) bottom gate electrode. The
deposition method used in the current study is based on a spray-
coating process under controlled conditions (Figure 1) that was

o
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Figure 1. Schematics of the spray-coating process that involves a direct
transfer of Si NW suspension to the receiver substrates. (A)
Schematics and scanning electron microscopy image of the Si NWs
sample used in this study. (B) Schematics of the Si NWs suspension.
(C) Schematics of the assembled apparatus used in this study. (D)
Schematics and scanning electron microscopy image of Si NW spray-
coated on SiO,/Si substrate. Reproduced with permission from ref 11.
Copyright 2012 American Chemical Society.

reported elsewhere.!’ Briefly, the deposition of the Si NWs started
with the placement of the “receiver” substrate on a hot plate at 75
°C."* The suspension of Si NWs was then applied using a spray gun
(Prona R2-F) with 40 psi carrier gas (nitrogen) pressure and with a
tilting angle of (S + 2)° relative to the “receiver” substrate. The nozzle
tip was usually held at a distance of 1 cm from the substrate. Images of
the Si NWs after the deposition were obtained using a scanning
electron microscope (e-LiNE, Raith, Dortmund, Germany) and by an
optical microscope (Olympus BXSIRF-S) that is equipped with a
camera (Olympus CAM-LC20-Bundle)."!

Fabrication of Si NW Field-Effect Transistors. Prior to the
device fabrication, the top substrate was cleaned by ultrasonic
treatment in acetone, methanol, and ethanol and slightly etched
using oxygen plasma (S0 W; 1 min) for removing residues of organic
contaminations. Eighteen pairs of 1300 ym long and 2 pm wide
interdigitated Ti/Au (30/110 nm) source/drain (S/D) electrodes with
an interelectrode spacing of 2 ym were defined on top of the sprayed
Si NWs array using photolithography (Karl Suss MA6Mask Aligner).
The native oxide at the edges of the Si NWs, which are supposed to be
coated with metallic contacts, etched by buffered hydrofluoric acid for
5 s immediately before being loaded into the metal deposition system.
The metal contacts were applied by conventional lift-off process. In a
few cases, individual Si NWs were contacted with S/D Ti/Au (30/110
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nm) electrodes with a channel length of 2 um, using e-beam
lithography and lift-off processes, as described elsewhere.*”® The
number of bridged Si NWs between the S/D electrodes was evaluated
by an optical microscope (Olympus BXSIRF-5) in dark field mode
and scanning electron microscope (e-LiNE, Raith, Dortmund,
Germany)."!

Electrical Characterization of Si NW Field-Effect Transistors.
An Agilent B1S00A Semiconductor device analyzer was used for the
electrical measurements. To assess the electrical characteristics of the
aa-Si NW FETs and of the individual Si NW FETs (i-Si NW FETs),
S/D current (I4) versus voltage dependent back-gate (Vg) measure-
ments, swept backward between +40 V to —40 V with 200 mV steps
and at 2 V S/D voltage (V,), were carried out under ambient
conditions.

High-Resolution Transmission Electron Microscopy. Follow-
ing the electrical characterization, selected aa-Si NW FETs and i-Si
NW FETs were etched in buffered hydrofluoric acid for 15 s and in a
KI/1,/H,0 (mass ratio 4:1:40) solution for 2 min, to remove the SiO,
as well potential Au impurities from the Si NW surface. At the end of
the etching process, the Si NWs were ultrasonically detached from the
FET device and transferred, via an interfacing ethanol drop, to TEM
copper grids. High-resolution transmission electron microscopy
(HRTEM; FEI Titan 80—300 keV S/TEM operating at 300 keV)
and high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) were then carried out to analyze the
surface and structure of the detached Si NWs.

B RESULTS

Preparation of Si NW Arrays. Figure 2 shows
representative optical (dark field) microscopy images of
spray-coated Si NWs on a SiO,/Si substrate at optimal gas
pressure (40 psi). As seen in the figure, more than 90% of the Si
NWs were aligned within +10° of the main flow direction. The
rest of the Si NWs were distributed between ca. —30° to +30°
with respect to the flow direction.'’ The density of the aligned
Si NWs was controlled by the spray coating time."" The higher
the spray-coating time the higher the density of the deposited
Si NWs. For example, S s flow duration produced Si NW arrays
with an average NW-NW separation of ~8 ym (see Figure 2a).
A 20 s deposition time produced Si NW arrays with an average
NW-NW separation of ~2 um (see Figure 2b). Extended
deposition time (~30 s) produced Si NW arrays with
(reduced) average NW-NW separation of ~1 um (see Figure
20).

The high alignment of the Si NW arrays can be attributed
mainly to the dynamics of the droplet formation during the
spray-coating process, which can be understood by a combined
action of viscous shear forces and capillary forces."’ Provided
that the size of the deposited droplet, which can be controlled
by the nozzle size of the spray gun, is comparable with the
length of the single Si NW, the shear-driven elongation of the
generated droplets results presumably in the alignment of the
confined Si NWs in the spraying direction. Flattening and
possibly inertial elongation in the spraying direction of the
micro droplets upon their impact onto the substrate yields fast
immobilization of the aligned Si NWs on the surface due to van
der Waals attraction. Having the substrate at a temperature that
is close to the boiling point of the suspension’s solvent
(ethanol; Thoiling ~ 744 °C) enhances solvent evaporation,
yielding thinner solvent films and better interaction between
the Si NWs and the substrate upon impact."'

Figure 3 presents scanning electron microscopy images of a
representative aa-Si NWs that are contacted with interdigitated
S/D electrodes. As could be seen, the contacted Si NWs are
aligned parallel to each other (within +10° deviation) and no
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Figure 2. Optical microscopy (dark field) images of Si NWs aligned by
spray flow for different durations: (a) 5 's; (b) 20 s; and (c) 30 s. All
experiments were carried out with an air pressure of 40 psi at a
substrate temperature of 75 °C.

Figure 3. Scanning electron microscopy images of representative aa-Si
NW FET: (a) a low magnification of the device; (b) a high
magnification of the selected area in panel "a”, where three types of
contacted Si NWs are highlighted: (i) contacted Si NW with one edge
beneath the source electrode and the opposite edge beneath the drain
electrode; (ii) contacted Si NW with both edges in the subsequent
nonmetallized gaps; and (iii) Si NW with one edge contacted by one
electrode and with the opposite edge located in the gap between the
adjacent S/D electrodes; and (c) a high magnification of the selected
area in panel b.

overlap between adjacent Si NWs is observed (Figure 3b). One
part of the Si NWs is contacted with one edge beneath the
source electrode and the opposite edge beneath the drain
electrode (Figure 3b(i) and c). The second part of the Si NWs
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is contacted by two adjacent electrodes, but with (one or both)
edges in the subsequent nonmetallized gaps. The third part of
the Si NWs is contacted by one electrode from one side, but
with the opposite edge located in the gap between the adjacent
S/D electrodes. Under the experimental conditions of the
current study, it is reasonable to assume that the electrical
contributions of the first and second parts of the contacted Si
NWs are similar to each other. Additionally, it is reasonable to
assume that the third part of contacted Si NWs does not
contribute to the overall device performance.

Electrical Characterization of the aa-Si NW FETs.
Figure 4a shows typical output characteristics of aa-Si NW FET
with 60 Si NWs between S/D electrodes at room temperature.
As seen in the figure, the I—Vy, curves near the Vi = 0V
regime exhibit almost linear behavior, indicating that the
electrical contact between the metal electrodes and the aa-Si
NWs is Ohmic.>® Statistical analysis has shown that the
electrical contacts between the metal electrodes and Si NWs in
all studied devices are almost the same. Therefore, any
differences between the examined devices shall be ascribed to
the intrinsic properties of the Si NWs per se. Figure 4b
summarizes the FET transfer characteristics of the 60
conducting Si NWs between the S/D electrodes. As seen in
the figure, the I; versus Vy behavior exhibit a typical
accumulation mode of p-channel transistor behavior. At Vg
2V, the on-current (I,,), viz. the I at Vy = +40'V, is 19.86 pA;
the off-current (I g), viz. the Iy at Vg = —40V, is 0.54 nA; and
the I,,/I.¢ is 3.7 X 10* The linear regime of the trans-
conductance (g,,) is ~0.8 uS and the threshold voltage (V) is
~10.2 V.

To study the effect of the bridged Si NWs on the aa-Si NW
FET performance, we have fabricated and measured 87 FET
devices with varied number of Si NWs on similar interdigitated
electrodes. The number of bridged Si NWs in each FET device,
n, was determined via optical microscopy. Figure 5 presents the
measured electrical signals (I, Ig and I,,/I¢) as a function of
n. As seen in the figure, the I, increases almost linearly with n,
with relatively high variance at n < 80 and relatively low
variance at n > 80. This trend is consistent with previous
findings on aligned carbon nanotubes®>** as well as Si NWs.>*
Unlike the I, the I & shows random distribution at 3 < n < 80
(Figure Sb). For n > 80, the I ¢ shows a trend with a positive
slope. The I,,/I,;; shows random distribution in the region of 3
< n < 80, with values ranging between 1 X 10 to 1 X 107
(Figure Sc). In this region, 83% of the devices exhibit I,,/T ¢ >
1 X 10 while the rest exhibit I /I & < 1 X 102 For n > 80, the
I,/Ig ratio exhibits a trend that converges to a fixed level. In
this region, 35% of the devices exhibit I.,/I¢ > 1 X 10* and the
rest (65%) of the devices exhibit I,/I.z < 1 X 10% Only one
device with I,,/I. > 1 X 10° was obtained in the region of n >
80. Normalizing the on-state conductance (G,,) and the off-
state conductance (G,g) of each device by the related number
of Si NWs (Figure 5d) shows that G, is distributed in a narrow
interval (1 X 1078 to 1 X 107® S) for 3 < n < 30 and in a
narrower interval for n > 30. For the latter, G,, approaches a
constant value of 3 X 1077 S. G.g shows larger scattering than
G,, and varies in a wide interval (1 X 1073 to 1 X 107 S) for 3
< n < 80 and in a narrow interval (1 X 107 to 1 X 107" S) for n
> 80. Because the current is proportional to the conductance at
a given Vy, it can be inferred that I,,/I ¢ = G,,/ G, Although
aa-Si NW FET with n > 80 exhibit more uniform device
parameters than aa-Si NW FETSs with 3 < n < 80, the obtained
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Figure 4. (a) Iy, versus Vy plots of a FET device with 60 bridged Si NWs at Vy=+40V,+30V, +20V, +10 V,0V, =10V, =20V, =30 V, and —40
V from bottom to up. Inset: I, versus V curves near Vy, = 0 V. (b) Linear scale (black line; left axis) and log scale (blue line; right axis) plots of Iy

versus V, at Vg =2 V.

Figure 5. (a) I, as a function of n; (b) I as a function of n; (c) /I ratio as a function of n; and (d) G, and G as a function of n. All
measurements were performed with V, sweeping from +40 to —40 V and with Vi, =2 V.

parameters might not be appropriate for practical or efficient
“switching” applications.

Apart from the effect of the Si NW number on I, I g and
I./I we also studied the scaling effect of g, hole mobility
(un) and Vy,. As seen in Figure 6a, g, increases almost linearly
with #, implying for an additive behavior. The p;, of a single Si
NW in aa-Si NW FETs can be calculated using the following
relationship®*

_ gmln[(Zfox + Ryw)/Ryw] Lyw
Vas (1)

where ¢, is the thickness of the gate oxide, &, is the dielectric
permittivity of the oxide, Ry is the radius of the Si NW, and
Lyw is the length of the channel. The results are presented in
Figure 6b. As seen in the figure, the data points are distributed
in an interval of ~0.7 to ~6.3 cm?/V-s. The distribution of the

Hy
2men
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data points becomes narrower as n increases. The Vy, versus n
plot (Figure 6¢) shows a wide distribution (5—36 V) that is not
affected by the n value. This could be attributed to hysteresis in
the electrical characteristics of the aa-Si NW FET (not shown),
probably due to surface states (such as dangling bonds, defects,
and adsorbates) variances between one Si NW and
another.*”%%

B DISCUSSION

Relation between Individual Si NWs and Si NW
Arrays. It is likely that the conductance of aa-Si NW FETs
is equal to the sum of the individual Si NW FETs (i-Si NW
FETs) that are connected in parallel. To validate this
hypothesis, we have fabricated 24 i-Si NW FETs (see Figure
7a) and measured their electrical characteristics. The results
show that part of the i-Si NW FETs exhibits I,,/I. > 1 X 10*

dx.doi.org/10.1021/am300961d | ACS Appl. Mater. Interfaces 2012, 4, 42514258
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Figure 6. (a) g.; (b) my; and (c) Vy, as a function of the bridged Si
NW number, n.

(hereon, Type-A Si NWs; see Figure 7b), whereas the other
part of the i-Si NW FETs exhibits I,,/I.z < 1 X 10* (hereon,
Type-B Si NWs; see Figure 7c). The output curves of all
measured devices exhibit linearity near Vg = 0 V, indicating
that the electrical contacts between the metallic electrodes and
Si NWs are Ohmic. Therefore, the different characteristics of
the examined i-Si NW FETs shall be attributed to the intrinsic
properties of the Si NWs per se.

Figure 8a presents a histogram of the logarithmic I /I g
values for the measured i-Si NW FETs. As shown in the figure,
83% of the i-Si NW FETSs have Type-A characteristics and 17%
of the i-Si NW FETs have Type-B characteristics. Figure 8b
shows the distribution of the logarithmic values of G,,(Log
G.y) and Go (Log Gog) for the measured i-Si NW FETs. As
seen in the figure, the LogG,, has a mean value (u) of —6.63
and a standard deviation (o) of 0.98. The Log G.g has a mean
value of —10.6 and a standard deviation of 1.84.°° This
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Figure 7. (a) Scanning electron microscopy image of a representative
i-Si NW FET and (b, c) linear scale (black lines; left axis) and log scale
(blue lines; right axis) plots of I, versus V; of representative (b) Type-
A i-Si NW FET and (c) Type-B i-Si NW FET.

indicates that G,z and I exhibit higher device-to-device
variations than G, and I .

In the following, we discuss the electrical characteristics of
the aa-Si NW FETs by means of i-Si NW FETs. This
presentation can be described as a binomial sampling
experiment.”’ For this purpose, we use p and q = 1-p to
denote the probability of fabricated i-Si NW FETs that are
bridged with Type-A and Type-B Si NWs, respectively. Using
these terms, the mean values of G ¢ and G,, of i-Si NW FETs,
denoted by g . and pg_, are given by

_ A B
ﬂcuﬂ, - pGoff + qGoff (2)

A B
ﬂcon = pGan + qGon (3)
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Figure 8. Histogram of the logarithmic values of the (a) /I ratio,
and (b) G,z and G,, for the measured i-Si NW FETs.

where GAg is the G of Type-A Si NW, Gog is the G g of Type-
B Si NW, G4, is the G, of Type-A Si NW, and G%, is the G, of
Type-B Si NW Let n denote the total number of conducting
channels in the aa-Si NW FET and let k denote the number of
channels that are bridged with Type-A Si NWs, where k =0, 1,
2, .., n. The probability that an arbitrary aa-Si NW FET device
with n channels has Type-A Si NWs, denoted by p(k), is given
by

b0 = (s

n
where ( k) stands for the binomial coeflicient. The expectation

(4)

of G.g with n channels E(Gl), is computed as follows

ff)Z( )Pk kG + (n — k)Gl
_Z k'(

= Goft

pEq" T k(GE - Gyy) + nGl]

©)

Similarly, the expectation of G, of n channels E(G%,), is

computed as follows

E(G),) = e (6)
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Thus, the I,,/I ¢ ratio of the aa-Si NW FET is

Ion _ E(

Log

0!

Go)Va,
E(Go) Vg,

”Gon
ﬂGo(f

™)

For high 7 values, eqs 5—7 suggest that the G g and G, of aa-Si
NW FETs increase linearly with the number of the bridged Si
NWs and that the I /I ¢ ratio remains constant. Using typical
characteristics of Type-A Si NWs (G,, = 1 X 1077 S, Gg=1 X
1072 S, and p = 0.9) and Type-B Si NWs (G,, = 1077 S, Gy =
1 X 107* Sand q = 0.1), eq 7 gives I,/I.g = 1 X 10> for n > 80.
This suggests that the I, /I ¢ ratio of aa-Si NW FETs with n >
80 is highly dependent on the fraction of Type-B Si NWs from
the array. To get aa-Si NW FET with high I /I ¢ ratio in the n
> 80 region, one should remove or decrease the concentration
of Type-A Si NWs in the aa-Si NW FET. For the 3 < n < 80
region, the random and highly distributed results indicate that
Type-B Si NWs affect the electrical characteristics of the aa-Si
NW FET, more than Type-B Si NWs.

Analysis of Individual Si NWs by High-Resolution
Transmission Electron Microscopy. To gain a deeper
insight into the differences between the examined Si NW FETs,
we measured the Si NWs by high-resolution transmission
electron microscopy (HRTEM) after they were detached from
i-Si NW FET—see the Experimental Section. As seen in Figure
9a, Type-A Si NWs have single-crystalline structure that is free
from metallic impurities. In contrast, Type-B Si NWs
incorporate Au nanoparticles in the Si NWs (Figure 9b)—an
observation that is further confirmed by HAADF-STEM and
energy-dispersive X-ray spectroscopy (EDX) measurements
(Figure 9c, d). The observation of Au nanoparticles before and
after etching Type-B Si NWs with Au and SiO,, etchants (see
Experimental Section) indicates that the Au impurities are
located mostly inside the Si NW cores (cf. also refs 36 and 37).
With this in mind, it is reasonable to argue that the Au
nanoparticles act as carrier generation centers that increase the
ILg of the related Si NW FETs (cf. Figure 7c).

B SUMMARY AND CONCLUSIONS

A systematic scaling study shows that a small number of
bridged Si NW channels (3 < n < 80) provide random
electrical features in aa-Si NW FETs. High numbers of bridged
Si NWs (n > 80) increases the I, and I ¢ linearly with n, but
remains the I /I ratio, yu, and the V; unaffected. These
results are explained by the fact that aa-Si NWs contain two
main groups of Si NWs: (i) a group of Si NWs with no gold
impurities that exhibit high and uniform electrical character-
istics (I,,/Iog > 1 X 10% Type-A Si NW); and (ii) a group of Si
NWs with gold impurities that exhibit inferior electrical
characteristics (I,,/I.¢ < 1 X 10% Type-B Si NW).
Complementary binomial analysis indicates that the obtained
discrepancies could be explained by a weighted contribution of
such two main groups of Si NWs, which could exist in any Si
NWs batch that is grown by chemical vapor deposition with
gold catalyst or by similar catalyst-based growth techniques.
These findings suggest that the uniform diameter, length and
shape of a grown batch of Si NWs do not necessarily imply
uniform electrical characteristics. Advanced growth processes of
(electrically) homogeneous Si NWs* and/or advanced sorting
techniques*®*' (cf. also ref 42 for self-sorting of carbon
nanotubes) are therefore of critical importance for bringing the
aa-Si NWs device concept to a reliable technological phase.

dx.doi.org/10.1021/am300961d | ACS Appl. Mater. Interfaces 2012, 4, 42514258



ACS Applied Materials & Interfaces

Research Article

(a)]

~~
o

~
w
(3]

Intensity (a.u.)

w

o
1
™

N
o
1

N
o
1

Cu

-
(3]
!

Au
Au

-
o

o 2 4 6 8 10
Energy (keV)

12 14

Figure 9. HRTEM image of a typical (a) Type-A Si NW and (b) Type-B Si NW. (c) HADDF-STEM image and (d) EDX spectra of Au

nanoparticles in a Type-B Si NW.
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