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15 We investigate and compare complementary approaches to SiINW production in terms of yield,
16 morphology control, and electrical properties. Vapor-phase techniques are considered, including
17 chemical vapor deposition (with or without the assistance of a plasma) and thermal evaporation. We
18 report Au-catalyzed nucleation of SINWs at temperatures as low as 300 °C using SiH, as precursor.
19 We get yields up to several milligrams by metal-free condensation of SiO powders. For all
20 processes, we control the final nanostructure morphology. We then report concentrated and stable
21 dispersions of SiNWs in solvents compatible with semiconducting organic polymers. Finally, we
22 investigate the electrical response of intrinsic SINWs grown by different methods. All our SiINWs
23 exhibit p-type behavior and comparable performance, though in some cases ambipolar devices are
24 observed. Thus, processing and morphology, rather than the growth technique, are key to achieve
25 optimal samples for applications. © 2007 American Institute of Physics. [DOI: 10.1063/1.2764050]
26

27 I. INTRODUCTION

28 The bottom-up synthesis of one-dimensional (1D) semi-
29 conducting nanostructures has attracted increasing interest in
30 recent years both for fundamental physics and for potential
31 device applications.l_8 On the one hand, the capability to
32 synthesize nanoscale building blocks without the need of ex-
33 pensive and time-consuming lithography techniques offers
34 key opportunities for high-integration nanoelectronics. Re-
35 search is therefore heading towards the realization of single-
36 nanowire (NW) or crossed-NW devices with the aim of in-
37 tegrating a large number of active components into a rational
38 geometry.3_5’9’10 On the other hand, applications are envis-
39 aged where nanostructured materials do not require indi-
40 vidual manipulation but are assembled as bulk, while indi-
41 vidually retaining their nanoscale properties such as quantum
42 confinement or large surface-to-volume ratio." 1% As a
43 consequence, several synthesis approaches are being devel-
44 oped to match the specific requirements of different possible
45 applications. Bulk production of nanocrystals (both in
46 solution"'* or from the vapor phasels’m) for post-growth
47 manipulation has received as much attention as the selective
48 and oriented growth of NWs directly into devices.'"'®

49 Si nanowires (SiNWs) are particularly relevant due to
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the central role of Si in the semiconductor industry. Deposi-
tion techniques for SiNWs include laser ablation'®"” high
temperature thermal evaporation,zo*22 molecular beam epi-
taxy (MBE),?® chemical vapor deposition (CVD),**% and
plasma-enhanced CVD (PECVD).”’

CVD is probably the most investigated synthesis tech-
nique for SiNWs. 2720 Generally, a metal nanoparticle is re-
quired to favor selective decomposition of the precursor gas
and the consequent nucleation of substrate-bound 1D
nanostructures.”>*’ By patterning the catalyst on oriented
crystalline substrates, defined and oriented arrays of SINWs
have been fabricated.”® This highlights the potential of the
CVD approach for the realization of bottom-up nanoscale
devices, where active components are no longer manufac-
tured but grown from point to point in a controlled fashion.
In this framework, however, the fabrication step involving
NW synthesis must be compatible with the whole process
flow. This implies, for example, that the NW growth tem-
perature must be low enough to ensure compatibility with the
final device substrate. Efforts are therefore addressed to fully
understand the physics and chemistry behind the growth of
semiconductor NWs and to explore the lowest growth tem-
perature achievable by the metal-assisted mechanism.***

Bulk production is emerging as an alternative approach
for the fabrication and assembly of NWs in large quantities.
Several growth strategies have been proposed to achieve
large-scale SINW growth, most of them still requiring the
presence of a metal catalyst to promote 1D nucleation.'®'**
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78 With process temperatures usually exceeding 1000 °C, Au,
79 Fe, Ga, and Sn are mixed to the Si precursor vapor either by
80 thermal evaporation or laser ablation. NWs are collected
81 from the furnace reactor in form of woolenlike bundles.'**’
82 There is a need, however, to avoid the metal contamina-
83 tion potentially arising from the residual catalyst particles.
84 Removing the catalyst postgrowth may require complex and
85 expensive purification treatments.”> The so-called oxide-
86 assisted growth (OAG) method provides a viable alternative
87 for metal-free bulk production of SiNWs.!>%® Reference 37
88 reported the production of milligrams of SiNWs by thermal
89 evaporation of SiO. It was suggested that SiO triggers the
90 self-assembly of SiNWs, based on the observation that pure
91 Si or pure SiO, as precursor materials gave negligible
92 yield.38 Indeed, a SiO, (x>1) thin film (~1.3 nm) was also
93 found to promote the metal-free nucleation of InAs NWs,39’40
94 although it was not clear in this case if this process could be
95 explained by the oxide-assisted growth model of Ref. 15. To
96 date, evaporation of SiO (or mixtures of Si and SiO,) still
97 remains the most flexible and reliable approach to metal-free
98 SINW synthesis.37’38’41 This method, however, has limita-
99 tions for the shape control and uniformity of the resulting
100 nanostructures. Thin and crystalline SiNWs are often
101 coupled with partially or fully oxidized structures, resulting
102 in crystalline Si spheres connected into chains by SiO,
103 bridges of variable 1ength.42_44 References 42 and 43 linked
104 such shape variation to the local condensation temperature.
105 They proposed a two-step growth dynamics where SiNW
106 formation is followed by thermal oxidation of the crystalline
107 Si cores. This was motivated by the observation of an in-
108 creasing fraction of oxidized nanochains in the hotter regions
109 of the furnace tube.* Shape separation of as-grown NW
110 bundles requires further processing. Ideally one should engi-
111 neer and optimize the synthesis to achieve 100% yield of the
112 desired nanostructure morphology.
113 Thermal evaporation in an inert gas flow (commonly
114 called vapor transport) is suitable for bulk production of sev-
115 eral nanomaterials.”>***® The main advantages of vapor
116 transport are its versatility, the use of a relatively cheap ex-
117 perimental setup, and the fact that NW bundles of different
118 materials can be easily synthesized without the need of po-
119 tentially dangerous precursor gases, such as SiH,. On the
120 other hand, the high temperatures involved in the process do
121 limit the substrate selection. NWs prepared by this technique
122 are suitable for postgrowth processing, typically via disper-
123 sion in solution. Yet, very few studies have so far focused on
124 SINW suspensions,‘w*50 despite the fact that this is one of the
125 main  research topics in the carbon nanotube
126 community.ss’ﬂ*53 In most cases, solution processing was in-
127 vestigated just as a simple step toward dispersion of indi-
128 vidual, as-grown NWs on solid substrates for transmission
129 electron microscopy (TEM) or electrical characterization.”?'
130 However, many emerging applications (for example, hybrid
131 inorganic/organic composite554’55) require handling of high-
132 density suspensions of NWs or nanocrystals, together with
133 controlling on demand the chemical properties of the result-
134 ing solution.
135 A key step to evaluate the NW suitability for applica-
136 tions is the assessment of their electrical properties. It is
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sometimes claimed that the use of SiNWs would result in 137

transistor performances well above existing technologies, in 138
terms of mobility, trans-conductance, on/off ratio, etc.3186 139
However, the reported values for SINW hole mobility (ex- 140
tracted from the transfer subthreshold slope and using a 141
simple cylindrical model to estimate the NW capacitance) 142
are SO far widely scattered from 143
~10 to 1350 cm?/V s 28184156 Algo it is difficult to pre- 144
cisely estimate the doping concentration in NW channels. 145
Many report SiNWs lightly or heavily doped.57’59 However, 146
not many investigations focus on nominally intrinsic 147
NWs, 76061 Also, a variety of different metals have been 148
tested to contact SINWSs, such as Al/Au, Ni, Ti/Al, Ti/Au, 149
and Cr/Au, %% and different annealing or passivation 150
protocols have been implemented.3"56’60_62 Because of this, a 151
direct comparison of reports on electrical properties, even 152
when the same growth technique is utilized, is difficult. In- 153
deed, scattered values for basic transistor parameters have 154
been presented in literature for nominally equivalent SINW 155
channels (see, for example, the properties review in Ref. 62). 156

Thus, in this paper we perform an extensive character- 157
ization and comparison of SINWs grown by different tech- 158
niques. We demonstrate selective synthesis of NWs and 159
nanocones (NCs) down to 300 °C by CVD and PECVD, and 160
assess the effect of several growth parameters in such low 161
temperature nucleation regime. We also report the production 162
of bulk quantities of SiNWs by thermal evaporation, with 163
and without the use of a metal catalyst. We show how to 164
achieve shape control in oxide-assisted growth and stable 165
SiNW dispersions in different solvents. Finally, we compare 166
the electrical properties of all types of SiNWs by using the 167
same device geometry and fabrication process. In particular, 168
we focus on intrinsic SINWs and observe preferential hole- 169
accumulation behavior, though ambipolar field-effect transis- 170
tors (FETs) are also obtained. Device response and perfor- 171
mance appear to be dominated neither by the particular 172
synthesis process nor by the use of a metal catalyst. 173

Il. EXPERIMENT 174

Both metal-seeded and metal-free growth of SINWs are 175
investigated. A quartz cylinder 4 cm in length and 5 cm in 176
diameter acts as support for metal-free NW condensation. 177
This allows easy unloading and collection of the as-grown 178
material. For metal-assisted growth, commercial Si sub- 179
strates are coated and patterned with thin Au layers 180
(0.5 nm).*” Au is deposited by evaporating the precursor 181
metal (99.99%) from a ceramic boat in a standard evaporator 182
at a base pressure below 1078 mbar. The thickness of the Au 183
layer is determined by an in situ quartz crystal. 184

Low temperature, catalytic (PE)CVD growth is per- 185
formed in an Oxford Instruments uP reactor, at a base pres- 186
sure of 1 107% mbar. Au-coated Si substrates are heated to 187
300 °C, as monitored by a thermocouple in direct contact 188
with the substrate surface. Then, pure SiH, or H,-diluted 189
SiH, is admitted with various flow rates. The total pressure is 190
varied between 200 mTorr and 10 Torr. A 13.6 MHz 1f 191
power (5-30 W) is used to create a plasma, when needed. 192

High temperature, metal-assisted growth of SiNWs are 193
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194 studied by means of a thermal evaporation process in a fur-

195 nace, at a base pressure of ~10~> mbar. Pure Si powders are
196 placed in an alumina boat and heated up to 1150—1250 °C.
197 The Si vapor is carried downstream by a 100 SCCM (cubic
198 centimeter per minute at standard temperature and pressure)
199 Ar flow and condenses along the colder regions
200 (750-850 °C) of the furnace tube where the Au-coated sub-
201 strates are placed. The Ar pressure is set to 100 mbars during
202 growth and 1 bar during the temperature ramps, to provide
203 pressure-based growth interruptions and avoid non steady-
204 state effects.*> For oxide-assisted growth, SiO powders are
205 evaporated at 1400 °C in an alumina tube, in the presence of
206 a 50 SCCM Ar flow (400-800 mbars). The SiO vapor is
207 found to condense sharply in form of NW bundles at 950 °C.
208 For simplicity, in this paper we will refer to type I when
209 reporting Au-assisted SINWs synthesized in a vacuum CVD
210 reactor using SiH, as precursor gas, type II to Au-assisted
211 SiNWs grown by thermal evaporation of Si powders, and
212 type III to SiNW deposition by oxide-assisted metal-free
213 growth performed in the same furnace as type II.

214 Au-coated quartz substrates are characterized by UV-
215 visible absorption spectroscopy (Perkin Elmer Lambda 950
216 spectrophotometer). As-produced NWs are characterized by
217 field-emission scanning electron microscopy (FESEM),
218 TEM, and x-ray diffraction (XRD). Three-terminal FETs are
219 fabricated by dispersing SiNWs on a 200-nm-thick SiO,
220 layer thermally grown on a degenerate p-doped Si wafer,
221 used as backgate. Source and drain contacts are defined by
222 e-beam or x-ray lithography. After a short etching in buffered
223 HF to remove the NW oxide shell, interdigitated Ti/ Al con-
224 tacts (20/90 nm) are deposited by e-beam evaporation. No
225 contact annealing is performed to avoid any further treatment
226 of as-grown SiNWs.

227 lll. NANOWIRE GROWTH
228 A. Substrate preparation

229 Au thin films dewet at elevated temperatures
230 (>300 °C) forming a distribution of isolated catalyst
231 nanoparticles.63 o Dewetting initiates at grain boundaries and
232 edges through surface diffusion, and the metal can remain
233 crystallirle.64 The film restructuring and the final shape of the
234 catalyst islands are a result of surface and interface energy
235 minimization. The optical absorption of small metal clusters
236 is strongly size and geometry dependent.&’ﬁs’66 The surface
237 plasmon of colloidal gold lies in the visible region,63’66
238 which allows the restructuring of the Au film to be monitored
239 by UV-visible spectroscopy.

240 Figure 1 shows the adsorption spectra of an as-
241 evaporated 0.5-nm-thick Au film on quartz, as well as of
242 0.5-nm-thick Au annealed at 300 and 500 °C in vacuum. The
243 absorption spectrum of 20 nm Au colloids dispersed on
244 quartz is plotted for comparison. The as-evaporated Au film
245 shows a broad peak centered around 550 nm, which clearly
246 blueshifts to 526 nm upon annealing at 300 °C. The SEM
247 analysis of patterned Au films on SiO, annealed at 300 °C
248 (Fig. 1, inset) indicates that arrays of quasispherical nanopar-
249 ticles, 10—30 nm in diameter, form on the surface.
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FIG. 1. Optical absorption spectra for 0.5-nm-thick Au layers on quartz. An
absorption spectrum for Au colloids 20 nm in diameter is shown as refer-
ence. (Inset) SEM micrograph of a patterned Au layer on SiO, annealed at
300 °C, showing the bright contrast due to Au nanoparticles. Scale bar:
100 nm.

Early models correlated the absorption resonance shift to 250

the area fraction of the surface covered by metal 251
nanoclusters,”” and consistently predicted a blueshift when a 252
thin film splits into isolated nanoparticles. Further studies, 253
however, pointed out that quantitative predictions for the pre- 254
cise position of the resonant frequency and the width of the 255
resonance peak are challenging, since they are functions of 256
particle size, shape, and interaction effects among densely 257
arrayed nanoparticles.63’66’67 From Fig. 1, we can infer that 258
restructuring of the as-evaporated Au film already occurs at 259
300 °C. This is a critical point, because a low, substrate- 260
compatible NW growth temperature would be less appealing 261
if a high temperature annealing was required beforehand for 262
effective catalyst preparation. Interestingly, annealing at 263
500 °C leads to a small redshift and broadening compared to 264
the 300 °C sample. It is known that increasing the annealing 265
temperature leads to sintering and coalescence of nanopar- 266
ticles, resulting in larger particle size at the expense of par- 267
ticle density.63 Additional parameters can significantly affect 268
the formation of efficient catalyst nanoparticles for carbon 269
nanotube (CNT) or NW growth, such as annealing 270
atmosphere,68 roughness/morphology of the substrate,” or 271
plasma treatments with reactive gas species (see Sec. III B, 272
Refs. 70 and 71). 273

B. Catalytic CVD growth (type-l) 274

Au has been widely used to promote CVD SiNW 275
growth.24_27 Its popularity comes essentially from two mer- 276
its: (a) it does not oxidize in air or oxygen-rich atmospheres, 277
and (b) it forms a liquid Au-Si eutectic at a relatively low 278
temperature (363 °C).”> It is often assumed that, according 279
to the vapor-liquid-solid (VLS) model,”** NW formation 280
occurs when a catalyst droplet becomes supersaturated with 281
the NW precursor. This then precipitates from the solid- 282
liquid interface to form a crystalline wire or tube.”®?* The 283
metal particle size determines the final diameter and is usu- 284
ally found at the tip of the NW. In principle, the lowest 285
possible growth temperature allowed by the VLS is the melt- 286
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287 ing temperature of the catalyst particle. Accordingly, SINWs

288 growth in the 365-450 °C range is generally considered
289 “low-temperature synthesis.”25‘27’73 However, the melting
290 point of Si—Au eutectic nanoparticles may be lower than the
291 value reported in bulk phase diagrams. It has been pointed
292 out that size, precursor saturation, and substrate effects could
293 significantly shift the catalyst melting temperature el O
294 fact, the VLS mechanism was invoked to explain NW
295 growth for Si (Ref. 24) and Ge (Ref. 76) slightly below the
296 Au-Si or Au-Ge eutectic temperature.%76 On the other
297 hand, there is considerable evidence that NW nucleation can
298 also occur with a solid (:atalyst.31’32’77’78 Indeed, Ref. 31
299 showed that the growth of InAs NWs is hindered as soon as
300 the temperature exceeds the predicted melting point of Au—
301 In. Here we find a combination of growth parameters allow-
302 ing SiNW synthesis at 300 °C both by CVD and PECVD.
303 Since such low-temperature regime widens the available
304 range of compatible substrates (e.g., plastic materials), we
305 choose 300 °C as the growth temperature for our CVD ex-
306 periments. A relatively low temperature can also minimize
307 undesirable effects such as catalyst diffusion or migration
308 during NW growth.60’79

309 For thermal CVD, pure SiH, is used. Figures 2(a) and
310 2(b) show SiNWs grown with SiH, pressures of 1 and
311 10 Torr, respectively. Straight and thin (10—20 nm) SiNWs
312 arise from Au-coated areas, and their length and density in-
313 crease with increasing SiH, pressure. No wires are found for
314 SiH, pressures below 1 Torr, but only unshaped Si structures
315 on the catalyst layer. At 600 °C, however, SINW growth was
316 reported inside a transmission electron microscope for pre-
317 cursor gas pressures as low as 107 Torr.”” This would sug-
318 gest that temperature and pressure are critically related in
319 promoting 1D crystallization during CVD growth of SiNWs.
320 The reaction dynamics changes dramatically in the presence
321 of a plasma. At 10 Torr no plasma is ignited. At 3 Torr [Fig.
322 2(c)], with low plasma power (10 W), we observe relatively
323 thick and tapered SiNWs (100—300 nm), up to tens of mi-
324 crons in length. Thus, for similar SiH, pressures, a great
325 enhancement of the Au-promoted elongation rate is observed
326 for PECVD compared to thermal CVD.

327 Representative TEM micrographs of thermally grown
328 SiNWs are shown in Figs. 3(a) and 3(b). Thermal CVD
329 yields thin (~10 nm) crystalline NWs uniform in diameter.
330 The 1-2 nm amorphous shell, seen in Fig. 3(b), is attributed
331 to native Si oxide formed during air exposure after
332 deposition.”” Figure 3(c) shows the final section of a SINW
333 grown by PECVD. The Au catalyst particle is at the wire tip,
334 as indicated by the arrow. The conical shape of the NW in
335 Fig. 3(c) implies that when plasma is used we get an en-
336 hancement of radial deposition on the NW sidewalls, as well
337 as of catalytic growth. In fact, a close inspection of Fig. 2(c)
338 reveals that some superimposing NWs merge at crossing
339 points. This is a consequence of radial growth for NWs that
340 elongated initially from independent catalyst particles.

341 Figure 2 suggests that, to fabricate shorter and thinner
342 NWs by PECVD, a smaller amount of SiH, should be sup-
343 plied during the process. This can be done both by decreas-
344 ing the total pressure and by diluting the SiH, precursor.
345 Several groups reported thermal synthesis of SiINWs by us-
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FIG. 2. [(a) and (b)] SiNWs grown by thermal CVD at 300 °C with SiH,
pressures of (a) 1 Torr and (b) 10 Torr. Straight and thin (10—20 nm) NWs
arise from Au-coated patterned lines, and their yield increases with pressure.
(c) Thick and tapered NWs (100—300 nm), tens of microns in length, fab-
ricated with a SiH, pressure of 1 Torr, but with the addition of a 10 W rf
plasma. Scale bars: 500 nm.

ing He-diluted and/or H,-diluted SiH4.24’25’80 We selected H,
as a diluent, based on the speculation that H-terminated Si
surfaces may hinder the plasma-promoted radial growth
rate.”! Figure 4 shows SiNWs grown by PECVD with differ-
ent dilution ratios of SiH, in H,. Here, the foral pressure is
constant at 200 mTorr. At this pressure pure thermal growth
is ineffective, as explained above. When pure SiH, is used at
200 mTorr [Fig. 4(a)], shorter wires (4—8 wm) are produced
compared to Fig. 2(c) (pure SiHy, 3 Torr). Dilution of SiH,
in H, progressively makes the wires shorter and thinner
[Figs. 4(b)-4(d)], but they still retain a conical shape in all
cases. Hence, both longitudinal and radial growths always
occur when a plasma is used [see Fig. 5(a)], though their
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SiNWs, with a uniform diameter of about 10 nm. The thin amorphous shell
in (b) is attributed to native Si oxide formed during extended air exposure FIG. 5. (a) Scheme of thermal and plasma-enhanced CVD growth of

after deposition. (c) SiNC grown by PECVD. The Au seed particle is at the SiNWs. A plasma provid.es active radicalsl that promote ra(.iiaI. growth. (b)

cone tip. (d) XRD 26-scan of SiNCs grown on quartz, showing diffraction Average NC length and diameter as a function of H,: SiH, dilution ratio. (c)

peaks for cubic silicon. The final NC aspect ratio (length/diameter) decreases linearly as H, is
added.

359 dependence on the dilution ratio is different. The average NC Fig. 5(b). We find that the final NC aspect ratio (length/ 362
360 length and diameter (measured at the base of the cone pro- diameter) decreases linearly as H, is added, indicating that 363
361 file) as a function of the H,: SiH, dilution ratio are plotted in the axial growth rate responds more rapidly to H, [Fig. 5(c)]. 364

pure SiHy 5:1 10:1 20:1

FIG. 4. SiNCs grown by PECVD with different dilution ratios H,: SiH,. (a) 0: 1=pure SiH,, (b) 5:1, (c) 10:1, and (d) 20:1. The total pressure is kept constant
to 200 mTorr. The maximum density of straight and sharp nanocones is found for dilution ratios between 5:1 and 10:1. Scale bars: 1 pum.
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365 Radial growth for Si and Ge NWs leading to conical-

366 shaped nanostructures was previously demonstrated by ther-
367 mal CVD using SiH, and GeH, as precursors.gz’83 Since ra-
368 dial growth is not determined by the Au catalyst, the gas
369 molecules must be thermally decomposed prior to incorpo-
370 ration. For GeNWs 300 °C was enough for GeHy
371 decomposition,83 while temperatures as high as 650 °C were
372 needed to dissociate SiH4.82 This is consistent with the
373 higher dissociation energy of SiH, compared to GeH4.82784
374 Here, we show that shape control of SiNCs can be obtained
375 at 300 °C if a plasma is used to dissociate the precursor.
376 Further, all the NCs presented here have a cubic-diamond
377 crystal structure, as confirmed by XRD measurements in Fig.
378 3(d) (in contrast with the hexagonal diamond structure pro-
379 posed in Ref. 82).

380 Figure 4 also shows a different density of NCs as a func-
381 tion of H, concentration. Despite the higher growth rate,
382 when using pure SiH, [Fig. 4(a)] the NC density is relatively
383 low. Moreover, many NCs are truncated and have no sharp
384 tip, indicating that catalyst-driven axial elongation fails at the
385 early stages of the process. By adding low concentrations of
386 H,, the density of “fully formed” NCs is found to increase
387 significantly. We then infer that the H, plasma is beneficial to
388 enhance catalyst activity during growth. However, an exces-
389 sive amount of H, (coupled with lower SiH, partial pres-
390 sures) eventually leads to a dominant etching effect suppress-
391 ing Si deposition [Figs. 4(c) and 4(d)].

392 To further address this important point, we fix a well-
393 defined synthesis protocol (total pressure of 200 mbars,
394 H,:SiH, dilution ratio 3:1, plasma 15 W, growth time
395 10 min) and assess the effect of H, plasma applied before the
396 NW synthesis. This allows us to investigate the effect of H,
397 plasma as a function of substrate preparation only. This is
398 performed in situ at the chosen growth temperature for
399 3 min, immediately prior growth. The pretreatment plasma
400 power is varied: 0 W [no pretreatment, Fig. 6(a)], 15 W [Fig.
401 6(b)], 30 W [Fig. 6(c)], and 100 W [Fig. 6(d)]. Figure 6
402 shows that a 30 W H, pre-plasma is strongly beneficial in
403 activating the catalyst particles, compared to milder powers.
404 However, if the H, plasma becomes too aggressive (e.g.,
405 100 W), the Au nanoparticles are etched away almost en-
406 tirely, and the final NW yield dramatically drops [Fig. 6(d)].
407 The physical effect of the H, preplasma leading to an
408 enhancement in NW growth is not fully understood. It may
409 be due to further restructuring or cleaning of the catalyst
410 particles (already formed at 300 °C), to a microscopic re-
411 shaping of the substrate surface, more efficiently triggering
412 initial NW nucleation, or a combination of these.” It is note-
413 worthy that thermal CVD of SiNWs also benefits from the
414 pretreatment procedure. By using a 30 W H, preplasma, a
415 SiNW density comparable to Fig. 2(b) (10 Torr, no pretreat-
416 ment) is obtained for lower SiH, pressures. Still, at 300 °C,
417 thermal SINW nucleation is hardly seen below 1 Torr, irre-
418 spective of catalyst preparation.

419 C. Catalytic growth by thermal evaporation (type-Il)

420 Substrate-bound SiNW growth can also be achieved by
421 Au-assisted deposition in a vapor-transport reactor. Rather

J. Appl. Phys. 102, 034302 (2007)

FIG. 6. Effect of H,-plasma substrate pretreatment for SINWs nucleation.
The growth conditions are kept fixed in all cases (total pressure 200 mbar,
H,:SiH, dilution ratio 3:1, plasma 15 W, growth time 10 min). The H,
pre-plasma step is performed in situ at the growth temperature for 3 min,
immediately prior growth. H,-plasma powers are (a) 0 W=no pretreatment,
(b) 15 W, (c) 30 W, and (d) 100 W. Scale bars: 1 um.

than using a molecular precursor gas, elemental Si is evapo- 422

rated from the solid state and let diffuse in an inert Ar atmo- 423
sphere. For these experiments, no appreciable differences are 424
found for samples grown in the temperature range of 425
750-900 °C. 426

Figure 7(a) shows SiNWs grown on Au-coated Si sub- 427
strates by vapor transport, with the Si powder temperature 428
set to 1250 °C. The NWs are tens of microns in length, and 429
their average diameter is between 20 and 30 nm. As the pow- 430
der temperature is lowered to 1150 °C, the local vapor pres- 431
sure of elemental Si is also reduced and much shorter wires 432
are found [Fig. 7(b)]. This shows the potential of controlling 433
the SINW growth rate by simply tuning the Si evaporation 434
temperature within the 1150—-1250 °C range. Although more 435
elemental Si is available at 1250 °C also for radial growth, 436
no tapering or sidewall overgrowth is observed for the wires 437
in Fig. 7(a). This contrasts the trend observed for SiNCs 438
grown by PECVD. We believe that, given the high substrate 439
temperatures used here (~800 °C), the Si vapor may desorb 440
from the NW sidewalls, resulting in a negligible radial 441
growth rate. Surface oxidation or passivation due to residual 442
oxygen in the furnace tube may also be considered as a pos- 443
sible explanation.ls’85 444
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FIG. 7. SiNWs grown on Au-coated Si substrates at ~800 °C by vapor
transport. The Si powder temperature is (a) 1250 °C and (b) 1150 °C. At
1250 °C the wires are tens of microns in length, with average diameter
between 20 and 30 nm. As the powder temperature is lowered to 1150 °C,
the local vapor pressure of elemental Si is also reduced and much shorter
wires are found. Scale bars: 500 nm.

445 A pronounced curliness is observed for the vapor-
446 transport NWs shown in Fig. 7. Compared to (PE)CVD ones
447 (Figs. 2 and 4), the NWs in Fig. 7 look irregular, possibly a
448 sign of a more disordered structure. However, if small sec-
449 tions of such NWs are analyzed by TEM [Figs. 8(a) and
450 8(b)], a single-crystal structure is observed both by high-
451 resolution lattice imaging [Fig. 8(c)] and selected area elec-
452 tron diffraction [Fig. 8(d)]. The curliness may therefore be
453 attributed to wire fragmentation into several crystalline do-
454 mains, possibly separated by amorphous or oxidized sec-
455 tions. No sharp kinks are observed, reflecting abrupt
456 switches in the crystalline growth direction, unlike what pre-
457 viously reported in Ref. 27.

458 D. Metal-free bulk production (type-lil)

459 For metal-free production of SiNWs we focus on the
460 OAG method." By using Ar as carrier gas, Ref. 37 showed
461 that SINW yield strongly increases with the total pressure up
462 to 400 mbars, and then remains roughly constant. We there-
463 fore restrict our experiments to Ar pressures above
464 400 mbars. We observe that the highest, milligram-scale NW
465 deposition occurs in a very narrow region of the furnace tube
466 (2—3 cm long), where the temperature is in the 900—-950 °C
467 range [Figs. 9(a) and 9(b)]. Outside this window, nucleation
468 is negligible. After a growth run, the quartz support appears
469 fully covered by a brownish, woolenlike product [Fig. 9(b)].

J. Appl. Phys. 102, 034302 (2007)

FIG. 8. (Color online) [(a) and (b)] Bright-field TEM micrographs of type-II
SiNWs. The image in (b) is an enlargement of the boxed area in (a). Locally,
a single-crystal structure is observed both by (c) high-resolution lattice im-
aging and (d) selected-area electron diffraction. The (c) high-resolution pic-
ture and the (d) diffraction pattern are taken on the NW section encircled in

().

Total average yields per run consist in 2—5 mg of SINW 470
bundles [Figs. 9(b) and 9(c)], as weighted using a microbal- 471
ance. 472

Dispersion and processing of as-grown NW bundles are 473
easier if no purification of the raw material is required. Thus, 474
oxide-assisted SINWs grown without any metal catalyst have 475
the greatest potential. However, morphology and shape uni- 476
formity are as important as their chemical purity. Figures 477
9(d) and 9(e) show the representative SEM micrographs of 478
dispersed SiNWs grown with total Ar pressures of 400 and 479
800 mbars, respectively. A major difference in morphology is 480
evident. Pinlike nanochains are found for the 400 mbars run, 481
while uniform wires become dominant as the pressure is in- 482
creased to 800 mbars. In agreement with previous 483
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FIG. 9. (Color online) (a) Scheme of the furnace deposition setup. (b) Bulk
production of SiNWs. The quartz support is fully covered by brownish,
woollen-like SINW bundles. (¢) SEM image of raw SiNWs bundles as col-
lected from the quartz support. [(d) and (e)] SEM micrographs of oxide-
assisted SINWs grown at (d) 400 mbars, and (e) 800 mbars and dispersed on
Si chips. Pinlike nanochain shapes are mainly found in (a), while uniform
wires become dominant as the pressure is increased to 800 mbars (b). Scale
bars: 1 um.

484 Jiterature,”’ the total yield remains roughly constant above
485 400 mbars. We therefore conclude that the process pressure
486 is a key parameter to promote a uniform NW morphology.

487 Pin-like structures or nanochains consist of crystalline Si
488 spheres connected by SiO, bridges of variable length and
489 thickness.*"**** Figure 10(a) shows a bright-field TEM mi-
490 crograph of a Si nanochain grown at 400 mbars. The corre-
491 sponding energy-filtered TEM oxygen map shown in Fig.
492 10(b) and the high-resolution transmission electron micros-
493 copy (HRTEM) micrograph in Fig. 10(c) confirm previous
494 observations.*® The ball-to-ball separation in such

J. Appl. Phys. 102, 034302 (2007)

30nm

FIG. 10. (a) Bright-field TEM micrograph of a Si nanochain, and (b) the
corresponding energy-filtered TEM oxygen map. (c) HRTEM of a single Si
nanosphere confirming its crystalline nature. (d) Bright-field TEM micro-
graph of oxide-assisted, uniform SiNWs. (e) HR lattice imaging of a NW
presented in (d), showing a Si crystalline core surrounded by a 6-nm-thick
amorphous shell.

nanochains varies from 20 nm [as in Fig. 10(a)] to several 495

hundreds nanometers [see Fig. 9(c)] and is inhomogeneous 496
and hardly reproducible at 400 mbars. Figure 10(d) shows a 497
bright-field TEM micrograph of SiNWs grown at 800 mbar. 498
HR lattice imaging on such NWs [Fig. 10(e)] indicates a Si 499
crystalline core surrounded by an oxide shell, much thicker 500
than the native oxide thickness (~1-2 nm) observed for 501
CVD SiNWs. A small fraction of nanochains or, more often, 502
NWs with varying diameter is sometimes detected at 503
800 mbars. In this case, however, the ball-to-ball distance 504
does not exceed 2—-3 nm. Oxide bridges of such a short 505
length may behave as efficient tunneling barriers between the 506
crystalline Si nanospheres, and allow detection of single 507
electron charging effects up to room temperature.44 508

Several aspects of the oxide-assisted growth model are 509
still debated.”** However, a possible explanation of the 510
pressure-dependent shape control may be inferred. Reference 511
43 proposed the formation of nanochains as consequence of 512
in situ partial oxidation of the as-synthesized NWs (possibly 513
due to residual oxygen). Since the oxidation rate increases 514
with temperature, this explains the observation that pinlike 515
structures are formed in a hotter region compared to NWs.? 516
Reference 86 also showed that oscillations in the Ar pressure 517
during growth lead to nanochains of controllable morphol- 518
ogy. However, it did not explain if such a modulation effect 519
occurs synchronously with NW growth or happens post- 520
nucleation. 521

In vapor transport, the material evaporating from the 522
boat (furnace center, 1400 °C) is assumed to drift down- 523
stream carried by the Ar flow and to condense on the tube 524
walls as soon as the temperature falls within the nucleation 525
range (900-950 "C).ls’37 In our case, however, a lower yield 526
of SiNWs is also found upstream the SiO boat, in the up- 527
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528 stream 900—950 °C region of the tube [see Fig. 9(a)]. This is
529 not entirely surprising, since the vapor stream inside a
530 several-centimeter-wide furnace tube is mainly due to diffu-
531 sive transport, while the kinetic contribution due to the car-
532 rier gas (at 50—100 SCCM) is less important or even negli-
533 gible, as we have shown in Ref. 45. Hence, since vapor
534 transport is diffusion driven, oxygen diffusion can also be
535 suppressed if the total Ar pressure is increased. This could
536 explain the negligible oxidation rate we reproducibly achieve
537 at 800 mbars.

538 IV. NANOWIRE DISPERSION

539 Ongoing research suggests that polymer/CNT compos-
540 ites may exhibit unique characteristics in terms of
541 mechanical®® and optical91’92 properties. Hence, we investi-
542 gate the dispersion of SiNWs in various organic solvents
543 [ethanol, isopropyl alcohol (IPA), water, chloroform, toluene,
544 dimethylformamide (DMF), and xylene] with the aim of
545 forming polymer/SiNW composites.

546 For dispersion studies we use type-1II SiNWs, since the
547 OAG method gives the highest yield. Achieving effective
548 dispersion of raw bundles is not immediate though, as
549 SiNWs tend to form large aggregates. To achieve this, we
550 use ultrasonication. We find that typical ultrasonic baths are
551 capable of dispersing SiNWSs, but an efficient debundling
552 requires up to several hours. As an alternative, we obtain
553 effective and rapid dispersion by means of high power soni-
554 cation (e.g., tip sonication). This method, however, delivers
555 much shorter wires because of fragmentation. We thus use a
556 compromise process where SiINW bundles are inserted in a
557 cuvette containing the solvent, and then placed in a 200 W,
558 20 kHz sonication bath (Bioruptor, Diagenode). Here, sonic
559 waves emanate from the base of the water bath, and are
560 reflected by a metal tip inserted in the cuvette.”® Sonic waves
561 are both concentrated and distributed within the cuvette
562 without being localized, as in the case of a sonication tip,
563 where the sonic waves are solely distributed from the base of
564 the tip [see Fig. 11(a)].

565 There is no mechanical effect on the crystalline quality
566 of the wires due to sonication. High-resolution TEM and
567 XRD do not indicate a significant increase of defects or dis-
568 order in dispersed NWs. The main consequence of high
569 power sonication is to break long NWs into shorter frag-
570 ments, though their single-crystal nature is maintained.

571 Our experiments indicate that IPA allows solution pro-
572 cessing of SiNWs without the need of a surfactant. Follow-
573 ing sonication, our IPA suspensions (up to 0.1 g/1) are stable
574 for several days and are a consistent light yellow, Fig. 11(b).
575 We did not achieve dispersion in toluene, xylene, and chlo-
576 roform, where precipitation of SiNWs is observed, Fig.
577 11(c). It is well known that the solubility of solution-grown
578 nanocrystals depends on a proper combination between
579 polar/nonpolar ~ solvents and  hydrophobic/hydrophilic
580 surfaces.”* Similarly, the hydrophilic SiO, shell surrounding
581 the wires triggers an easy dispersion of SINWs in polar sol-
582 vents and causes precipitation in nonpolar ones.

583 Dispersing semiconducting polymers and SiNWs in the
584 same solvent facilitates the formation of mixtures. Contrary

J. Appl. Phys. 102, 034302 (2007)

FIG. 11. (Color online) (a) Scheme of the sonicator operation principle.
Samples are contained in a cuvette that is placed in a water bath. Here, sonic
waves emanate from the base of the water bath, and are reflected by a tip
inserted in the cuvette containing the solution of SiNWs. (b) stable SINW
dispersion in TPA or NMP. (c) SiNW precipitation when xylene is used as
solvent. (d) SEM micrograph of ink-jetted SINWs using the solution shown
in (b). Scale bar: 1 um. (e) 500-um-wide drops of PQT-SiNW composite
after ink jetting onto predefined contact arrays. Scale bar: 500 wm.

to what is seen above for SiNWs, however, semiconducting 585

organic molecules [e.g., poly-3-hexylthiophene (P3HT), 586
poly(9,9-dioctylfluorene-co-bithiophene) (F8T2), poly(3,3- 587
dialkyl-quaterthiophene) (PQT)] tend to be far more easily 588
dissolved in nonpolar solvents, such as xylene. Attempts to 589
promote dispersion of SiNWs in xylene using surfactants 590
such as octadecylamine (which was used in Ref. 46 in com- 591
bination with isooctane and IPA) did not improve the results. 592
Still, we found that N-methyl-2-pyrrolidone (NMP), a dipo- 593
lar aprotic solvent, behaves as a good compromise solvent in 594
which stable solutions of both SiNWs (with concentrations 595
similar to that of TPA solutions) and organic semiconductors 596
(PQT, for instance) can be formed. This provides a promising 597
approach to achieve high-concentration NW/polymer com- 598
posites. As a further step, we demonstrated the feasibility of 599
ink-jet printing of nanostructured materials [such as SINWs, 600
Figs. 11(d) and 11(e)] for a variety of applications,” which 601
opens opportunities for inexpensive large area fabrication of 602
plastic electronics. 603

V. ELECTRICAL TRANSPORT 604

Figure 12 compares representative transfer curves 605
(Ing-Vgs) for SiNWs grown by the different methods de- 606
scribed in Sec. III. The devices are interdigitated multiple- 607
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FIG. 12. (Color online) (a) Scheme and SEM micrograph of interdigitated
multiple-channel planar SINW FETs. Scalebar: 1 um. (b) Representative
transfer curves (Ipg-Vgs) for SINWs grown by different methods. Curves
correspond to devices with 7, 24, and 10 SiNWs (for types I, II, and III,
respectively). (c) Transfer curves for SINWs plotted on a vertical log scale,
showing the maximum/minimum on/off currents.

608 channel planar FETs, as illustrated in Fig. 12(a). Compared

609 to single-NW FETs, our devices are more representative of a
610 given growth technique, since a large statistics integrated
611 over several NWs is considered. A qualitative analysis of
612 Fig. 12(b) shows that all our SINW FETs switch on for nega-
613 tive gate voltages, which is an indication of hole-dominated
614 transport. The normalized transconductance can be extracted
615 from the slope dIg/dVgg in the left part of the curve divided
616 by the effective channel width Nd, where d is the average
617 wire diameter and N is the number of wires contacted within
618 the same device.® Curves in Fig. 12(b) correspond to devices
619 with 7, 24, and 10 SiNWs (for types I, II, and III, respec-
620 tively). These give very similar values (28—40 nS um™!) for
621 the normalized transconductance, which turns out to be sen-
622 sibly lower than other reports available in the literature.® We

J. Appl. Phys. 102, 034302 (2007)
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FIG. 13. (Color online) Output curves (Ipg-Vsp), corresponding to devices
presented in Fig. 12, measured for gate voltages corresponding to the on
states. For ambipolar SINWs, we also show the output curve for the on state
due to electron population.

also observe that type-II SiNWs show ambipolar behavior, 523
i.e., electron injection occurs for positive gate voltages. The 624
current due to electrons, however, always shows a lower sub- 625
threshold slope compared to holes [see also Fig. 12(c), where 626
transfer curves are plotted on a log scale]. The ambipolar 627
effect is reproducibly observed for type-II SiNWs, while it 628
never occurs for type I or type III. We note from Figs. 12(b) 629
and 12(c) that our ambipolar devices cannot be completely 630
turned off, but a residual current is detected at room tempera- 631
ture for intermediate gate voltages. 632

Figure 13 plots the corresponding output curves 633
(Ins-Vsp) for all types of SINWs, measured for gate voltages 634
corresponding to the on states. For ambipolar SiNWs, we 635
also show the output curve for the on state due to electron 636
population (i.e., for high positive gate voltages). In all cases, 637
a clear nonlinearity is observed in the output curves, indicat- 638
ing that the contacts between NWs and metal leads are not 639
Ohmic but rather a Schottky barrier is present.% Typical total 640
device resistances in the on state are in the 1-100 MQ 641
range. We note, however, that the output curves are often 642
non-symmetric when reversing the applied bias. This effect 643
is amplified if the number of NWs within a single device is 644
reduced. We conclude that contacts are in general non- 645
equivalent and a wide distribution of contact resistances may 646
exist for a single fabrication process, leading to a situation 647
where only a few wires are dominating the electrical trans- 648
port for an individual device. This can mislead the estimation 649
of normalized FET parameters. 650

A direct comparison of the absolute threshold voltages 651
measured for different devices is quite challenging because 652
of hysteresis effects. Hysteresis in Ipg-Vgg measurements for 653
CNT- or NW-based FETs has been widely reported, and 654
mainly attributed to charge trapping in the surface states of 655
SiOz.g"”‘él’97 Such charges may generate electric fields of 656
opposite sign superimposed to the applied gate voltage. As 657
an example, in Fig. 14 we show Ipg-Vgg curves for type-I1 658
NWs for different gate sweeping ranges. If two curves are 659
consecutively collected by sweeping the gate voltage from 660
—10 to 10 V and vice versa (solid lines), only a small hys- 661
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FIG. 14. Hysteresis effects for Ipg-Vgg transfer curves. Type-I NWs are

considered here as an example but a similar behavior is found in all cases. If

two curves are consecutively collected by sweeping the gate voltage from
—10 to 10 V and vice versa (solid lines, the arrows indicate the sweeping
direction), only a small hysteresis is seen. If the sweeping range is extended
from -30 to 30 V, a large shift, up to 35 V, is observed when reversing the
scan (dotted lines).

662 teresis is seen. However, if the sweeping range is extended
663 from —30 to 30 V, a big shift, up to 35 V, is observed when
664 reversing the scan (dotted lines). This shows that the trapped
665 charge screening is proportional to the initial gate field ap-
666 plied. Such memory effect is stable for several hours in air
667 and at room temperature, and no quick discharge is possible
668 to reproduce the original measurement conditions.

669 Because of hysteresis, we cannot use the absolute
670 threshold voltage from Figs. 12(b) and 12(c) as a represen-
671 tative parameter. However, further insights can be extracted
672 for type-II ambipolar devices by looking at the residual cur-
673 rent in the “off” plateau and the relative separation between
674 hole and electron threshold voltages. In Fig. 15(a) we show
675 the temperature dependence of transfer curves for type-II
676 SiNWs. For this measurement set, we always sweep the gate
677 voltage from 30 V toward negative voltages (except for the
678 4 K curve, which starts from 40 V and is collected sepa-
679 rately in a liquid-He cryostat). This results in a right shift for
680 all curves compared to Fig. 12(b). Three distinct regimes can
681 be isolated for each curve: a hole-injection branch on the left,
682 a flat plateau in the middle, and an electron-injection branch
683 on the right. At 4 K, no current is detected in the central
684 region, whereas the thresholds for hole and electron injection
685 are up to 30 V apart. When the temperature increases to
686 room temperature and above, two simultaneous effects are
687 seen. An increasing plateau current is measured [as indicated
688 by the arrow in Fig. 15(a)], while the relative distance be-

689 tween electron and hole threshold voltages progressively

690 shrinks.

691 In the plateau region, the semiconductor bands are bent

692 by the gate voltage in such a way that no electron or hole

693 tunneling is possible [Fig. 15(a), central inset]. Hence, we

694 attribute the residual off current in this regime to thermionic

695 emission (independent of Vg). When the downward (up-

696 ward) band bending becomes sharp enough, it is possible for
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FIG. 15. Temperature dependence of electrical transport for type-II SINWs.
Three distinct regimes can be isolated for each curve, corresponding to the
band diagrams schematically shown in the insets: a hole-injection branch on
the left part, a flat plateau in the middle, and an electron-injection branch on
the right. When temperature is raised, an increasing plateau current is mea-
sured (arrow), while the relative distance between electron and hole thresh-
old voltages progressively shrinks. (b) Arrhenius plots for the residual pla-
teau currents on type-II SINW transfer curves. The source-drain voltage is
reported for each set of measurements.

electrons (holes) to tunnel from the metal to the semiconduc- 997
tor conduction (valence) band. The higher the temperature, 698
more electrons (holes) are populating states above (below) 699
the Fermi level, according to the Boltzmann distribution. 700
These hot carriers see a thinner tunneling barrier and can 701
therefore be injected for smaller gate voltages [left and right 702
insets in Fig. 15(a)]. Such thermal-assisted tunneling process 703
is responsible for the “curve folding” observed in Fig. 15(a). 704

For fixed Vpg, the plateau current due to thermal carriers 705

is given by the Richardson-Dushman equation:98 706

[ ~ T2 VIKT, (1) 707

where @ is the barrier height and K is the Boltzmann con- 708
stant. In Fig. 15(b) we plot the measured values of In(I/7?) 709
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710 45 a function of 1/T, in order to estimate the barrier height.

711 This temperature dependence was measured for several Vpg
712 (0.8—4 V), and a very similar slope was extracted in all
713 cases. By combining the whole data set, we obtain a maxi-
714 mum activation energy of 0.08 eV (0.06+0.02). Since hole
715 injection appears most favorable and leads to lower device
716 resistances (see Figs. 12 and 13), this value reflects the
717 SiNW valence band offset with respect to the Fermi level of
718 the metal.

719 It has been pointed out that, for nominally undoped
720 SiNWs, the valence band is pinned to the Fermi level of the
721 metal contacts, resulting in p-type semiconducting
722 behavior.”*"?® This is not surprising, since interfacial states
723 in many metal-semiconductor junctions tend to generate an
724 offset between valence band and Fermi level which is
725 roughly 1/3 of the semiconductor band gap.99’100 Yet, mea-
726 sured @ is lower than that reported in previous experiments
727 and theoretical predictions.57’96’99_101 Further investigations
728 on the nanoscopic nature of the metal-NW contacts are
729 needed in order to clarify this discrepancy.

730 For type-III SiNWs, Ref. 41 attributed the observed
731 p-type behavior to B incorporation during growth. For the
732 same type of wires, however, we measure a similar curve
733 despite the absence of dopants [Fig. 12(b)]. For type-I
734 SiNWs, Ref. 57 reported a nominally intrinsic NW device
735 with almost ideal Al Ohmic contacts, though inferring the
736 presence of a small Schottky barrier compared to heavily
737 doped NWs. It is generally hard to quantify precisely low
738 doping concentrations in SiNWs and the resulting band
739 alignment, unless ambipolar devices are considered (see Ref.
740 62 for an extensive comparison).

741 Our study aims to identify general differences in the
742 electrical response due to different growth protocols. There-
743 fore, our devices are not annealed after contact fabrication
744 (unlike most previous works®>*®%%6%) This minimizes effects
745 such as catalyst diffusion,60 which could alter the comparison
746 between wires grown by different processes. Type-II wires
747 could have some contamination (possibly due to background
748 doping) due to low-vacuum synthesis environment combined
749 with the possible diffusion of the Au catalyst at the high
750 growth temperatures used (~800 °C).60 Since ambipolar be-
751 havior of NWs is generally regarded as a fingerprint of in-
752 trinsic material,lg’loz we deduce that no detrimental effect is
753 introduced by the type-II growth procedure compared to
754 types I and III. Indeed, it remains an open question why
755 ambipolar behavior is not seen for type-I or type-III NWs.
756 Despite this discrepancy, however, in all cases device perfor-
757 mance seems mainly dominated by the metal contacts, irre-
758 spective of how the NW active channels are fabricated or
759 assembled.

760 VI. CONCLUSION

761 We investigated and compared multiple routes to SINW
762 synthesis. As a function of the selected deposition technique,
763 we achieved different yields, selective Au-catalyzed growth,
764 bulk catalyst-free production, different nanocrystal mor-
765 phologies, and relatively high or low nucleation tempera-
766 tures. For each synthesis protocol, we highlighted the experi-
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mental parameters leading to morphology control. 767
Concentrated and stable dispersions of SINWs were obtained 768
in solvents compatible with semiconducting organic poly- 769
mers. Similar electrical properties are measured for SINWs 770
grown by different methods. All the considered FETs fabri- 771
cated from intrinsic SiNWs show a preferential p-type be- 772
havior with comparable performance. In addition, devices 773
based on Au-assisted SINWs grown by thermal evaporation 774
of Si powders (type II) are ambipolar. This indicates that no 775
detrimental effects are introduced by using a metal catalyst, 776
nor a low-vacuum furnace tube as deposition reactor. 777
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