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In this study, we present a simple oxide assisted p-type doping of Si nanostructures by evaporating a mixed

powder composed of SiB6 and SiO. It was found that Si nanoribbons (Si NRs) which can be obtained at high

SiB6 content, will give way to Si nanowires (Si NWs) when the content of SiB6 in the mixed powder was

reduced. According to our transport measurement of field effect transistors (FETs) assembled on

individual Si nanostructures, the as-prepared Si nanostructures with different boron doping levels all

exhibit typical p-type conduction characteristics. Additionally, the electrical conductivity of the

Si nanostructures can be tuned over 7 orders of magnitude from 8.98 � 102 S cm�1 for the highly doped

sample to 3.36 � 10�5 S cm�1 for the lightly doped sample. We also assembled a nano-photodetector

based on monolayer graphene and the as-prepared Si nanostructures, which exhibits ultra-sensitivity to

850 nm near infrared light (NIR) illumination with a nanosecond response speed (srise/sfall: 181/233 ns).

The generality of the above results suggest that the Si nanostructures are promising building blocks for

future electronic and optoelectronic device applications.
Introduction

Silicon (Si) with an indirect narrow band-gap (�1.12 eV), has
been central to numerous technological innovations for
decades and remains an irreplaceable material for the semi-
conductor industry.1,2 In comparison with their thin lm
and bulk counterparts, one dimensional (1-D) silicon nano-
structures with large surface-to-volume ratio including
nanoribbons (NR),3 nanowires (NWs),4 and nanotubes (NTs)
have exhibited various unique properties in terms of light har-
vesting and carrier transport.5,6 By this merit, Si nanostructures
have been widely used lately as building blocks for constructing
various electronic and optoelectronic devices, such as eld
effect transistors (FETs),7,8 near infrared light (NIR) photode-
tectors,9,10 solar cells,11–13 lithium ion batteries,14,15 thermoelec-
tric devices,16,17 chemical or biological sensors,18,19 and so on.

Needless to say, the fabrication of 1-D Si nanostructures with
controlled diameter, length and electronic properties is
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essential to the above nano-device applications. Thus far,
signicant efforts have been devoted to the development of
facile and controlled methods for SiNW fabrication in recent
years. In principle, there are two basic methodologies for
Si nanostructures, i.e., the top-down (metal-catalysed chemical
etching,20 and reactive ion etching,21 etc.) and bottom-up
approaches (oxide-assisted growth (OAG),22 vapour–liquid–
solid (VLS) growth,23 and solid–liquid–solid (SLS).24). In order to
tune the electrical properties of Si nanostructures, people
normally employed conventional doping method, namely,
intentionally incorporating impurity atoms into the host lattice
of silicon crystal to control the density of the free charge carriers
available in the semiconductor nanostructures, which deter-
mines the operation of the Si based nano-devices mentioned
above. Take p-type doping for example, Cui et al. initiated the
rst p-type silicon NWs by developing a laser-assisted catalytic
growth method.25 During growth process, boron atoms were
incorporated into the Si nanostructures by using diborane
(B2H6) in the reactant ow. According to their electrical analysis,
the boron doped Si NWs had good crystal structure, with
tunable electrical property. What is more, Lew found
that trimethylboron (TMB) can also be used as efficient p-type
dopant source.26 It was found that the as-fabricated Si NWs
were predominantly single crystal, with controlled boron
concentrations. In spite of these efforts, it is undeniable that
these gaseous dopants either in the form of B2H6, and B(CH3)3
are extremely toxic and ammable, which is environmentally
unfriendly. As a result, their further application was greatly
restricted. Herein, we present a new synthetic approach to the
This journal is © The Royal Society of Chemistry 2015

http://crossmark.crossref.org/dialog/?doi=10.1039/c4ra16781c&domain=pdf&date_stamp=2015-02-13
http://dx.doi.org/10.1039/C4RA16781C
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA005025


Paper RSC Advances

Pu
bl

is
he

d 
on

 0
9 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 H
eF

ei
 U

ni
ve

rs
ity

 o
f 

T
ec

hn
ol

og
y 

on
 1

3/
10

/2
01

5 
03

:2
8:

35
. 

View Article Online
synthesis of p-type silicon nanostructures by using SiB6 powder
as doping source. Electrical analysis revealed that the conduc-
tivity can be tuned over a large order of magnitude by adjusting
the SiB6 content in the mixed precursor. What is more, it was
observed that the Schottky junction composed of monolayer
graphene/individual Si nanostructures exhibited ultra-sensitivity
to NIR irradiation with excellent spectral response, and fast
response speed (srise/sfall: 181/233 ns). The generality of this
study suggests that the present Si nanostructures with controlled
electrical property will have potential application for future
electronic and optoelectronic devices.
Experimental
Fabrication of Si nanostructures and their microstructures
analysis

The preparation of the Si nanostructures was performed on a
horizontal tube furnace. In brief, a mixed powder composed of
SiB6 (Analytical grade, Sigma-Aldrich Co.) and SiO (Analytical
grade, Aladdin Co.) was placed at the center of the alumina
tube, silicon substrates were then placed at the downstream
position of the source material. Prior to heating, the system was
evacuated to a base pressure of 10�4 Torr, and back lled with
an Ar and H2 (5%) gasmixture at a constant ow rate of 30 sccm.
Aerwards, the source was heated up to 1050 �C at a rate of
20 �C min�1 and then was maintained at this temperature for
�2 hours. The crystallinity, morphology and structure of the
as-prepared Si nanostructures were characterized using X-ray
diffractor (XRD, Siemens D-500 using Cu Ka radiation), eld
emission scanning electron microscopy (FESEM, Philips XL
30 FEG), transmission electron microscopy (TEM, Philips CM
20, operated at 200 kV), and high-resolution transmission
electron microscopy (HRTEM, Philips CM 200 FEG, operated at
200 kV). The chemical composition of the product was analyzed
by X-ray photoemission spectroscopy (XPS) which was per-
formed on a VG ESCALAV 220i-XL surface analysis system
equipped with a monochromatic Al Ka X-ray (1486.6 eV) source.
Fig. 1 (a) Schematic illustration of the experimental setup for synthesis
of silicon nanostructures. (b) XRD patterns of three samples. (c) SEM
image of Sample A which is mainly composed of Si NRs, the inset
shows a SEM image at large magnification. SEM images of Sample B (d)
and Sample C (e). Typical TEM image of Sample A (f), Sample B (g), and
Sample C (h). (i) HRTEM image of Si NRs, the inset shows the corre-
sponding FFT.
Devices fabrication and measurement

To fabricate back-gate nano Si-FET, p+ Si substrates with 300 nm
thick thermally oxidized SiO2 were cut into small pieces
(1.5 � 1.5 cm2), and washed stepwise with absolute alcohol and
distilled water under ultrasonication for 10 minutes, respec-
tively. Then Si nanostructures in alcohol which was briey
treated with diluted HF solution, was dropped and dried on the
Si substrate with desired density. Two parallel source and drain
electrodes (2 nm Ti/58 nm Au) were then dened by photoli-
thography, followed by electron-beam evaporation. Finally, the
remaining photoresist was removed by acetone soaking. To
fabricate Si nanostructure/monolayer graphene Schottky
junction photodetector, the as-synthesized Si nanostructures
were parallel dispersed on the substrate by contact print
technique, followed by fabrication of single Ti/Au (2/58 nm)
electrode on the Si nanostructure via photolithography, electron
beam evaporation and li-off process. Aerwards, monolayer
graphene was transferred onto the one head. In order to form a
This journal is © The Royal Society of Chemistry 2015
good contact to the graphene, silver paste was nally placed
onto the graphene lm. A light system including a xenon lamp
(150 W) and a monochromator (1/8, Spectra-physics 74000) was
used to provide the monochromatic light, which was focused
and guided perpendicularly onto the nanowires by a quartz
lens. Electrical and optoelectronic measurements were carried
out on the semiconductor characterization system (4200-SCS,
Keithley Co.) with picoampere resolution. Unless stated, these
measurements are all carried out at room temperature. To
determine the spectral response and time response of the
Schottky devices, a home-built system composed of an oscillo-
scope (Tektronix, TDS2012B), and a pulsed LED with frequency
as high as 1 MHz were used.
Results and discussion

The controlled boron doping of Si nanostructures was realized
by a conventional thermal evaporation of SiB6 and SiO powders
in different ratios, which was carried out in a three-
temperature-zone tube furnace, as shown in Fig. 1(a). Aer
synthesis, wool-like product (marked as Sample A, B, and C) can
be obtained on the substrate by using a mixed powder
composed of SiB6 and SiO in an atomic ratio of 1 : 1, 1 : 2, 1 : 3,
respectively (see Fig. S1†). Fig. 1(b) shows the XRD patterns
acquired from the three samples, according to which, all ve
peaks in the range of 20–80� can be readily ascribed to
diamond-like cubic phase Si (JCPDF card no. 27-1402),27 and no
obvious impurity peaks were observed. What is more, the
diffraction signal of the Si nanostructures does not exhibit
obvious peak shi or broadening in comparison with the
standard Si, suggesting that the incorporation of boron atoms
into the crystal lattice cannot alter the crystal quality of the
NWs. Fig. 1(c)–(e) display the FESEM images of Sample A, B and
C respectively. It is visible that for sample with high boron
RSC Adv., 2015, 5, 19020–19026 | 19021
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Fig. 3 (a) TEM image of a boron doped Si NR from Sample A. (b)
Magnified TEM image of the Si NR in bright field. (c) and (d) are the
corresponding EDS elemental mapping for Si and B, respectively. (e)
TEM image of a boron doped Si NR from Sample B. (f) Magnified TEM
image of the Si NR in bright field. (g and h) are the corresponding EDS
elemental mapping for Si and boron, respectively.

Fig. 2 Survey XPS spectrum of the Sample A, the inset shows the B 1s
spectra of Sample A, B, and C.
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doping level (Sample A), the product is largely composed of long
ribbon-like nanostructures, the length and width of the NR are
in the range of 10–30 mm and 150–500 nm, respectively. Inter-
estingly, when we gradually reduce the content of SiB6 in the
mixed power, the as-collected products with the decrease
of boron doping level (Sample B and C), is mainly composed of
long NWs. Although the three samples (Sample A, B and C) are
different in morphology, their growth directions are highly
identical to each other. Fig. 1(f) and (g) show the representative
TEM andHRTEM analysis of Sample A. From the corresponding
lattice resolved image, one can conclude that the growth
direction is along [100], in good consistence with the corre-
sponding Fast Fourier Transformation (FFT). To study the
precursor dependent morphology of the product, other
precursors with controlled compositions were taken into
consideration as well. It is found that when only SiB6 were used
as evaporant, Si NRs with obvious contaminant was observed.
However, when the contents of SiB6 were further reduced to 1 : 4
and 1 : 6, tortuous Si NWs with lengths of several micrometers
will be obtained (Fig. S2†).

Fig. 2 shows a typical XPS survey spectrum of Sample A, in
which ve peaks at 99.5, 150.7, 189.6, 284.8 and 533.2 eV due to
Si 2s, Si 2p, B 1s, C 1s, and O 1s are observed. The signal C 1s is
attributable to surface adsorption at ambient condition. What is
more, the O 1s peak can be ascribed to SiO, SiO2 and oxygen due
to surface adsorption. According to the B 1s spectra of the three
samples shown in the inset, the boron contents in the
Si nanostructures (Sample A, and B) are estimated to be 1.3 and
0.037% (mol%), respectively. Moreover, the concentration of
boron in the Sample C is too low to be detected. Table S1† shows
the standard deviation of boron composition collected from ve
synthesis, from which, one can see that all samples exhibit
small (�1.2%) standard deviation, suggesting that high reli-
ability and reproducibility of such doping strategy. We specu-
late the modulation of the boron atoms concentration in the Si
nanostructures was achieved by a SiB6 decomposition assisted
growth process: as observed in the growth of Si NW via OAG
method,28 at high temperature the SiO in the mixed powder
will discompose to form SiO2 and Si through the
reaction: 2SiO / Si(g) + SiO2(g). The Si gas will be transported
to the deposition zone, where it will grow in one-dimensional
way. In the meantime, the SiB6 is unstable and it will decom-
pose to form both silicon and boron atoms through the
following chemical equation: SiB6(g) / Si(g) + 6B(g). The
resultant boron gas is highly reactive and it can readily incor-
porate into the crystal lattice of silicon, giving rise to the
formation of boron doped Si nanostructures. Note that, in the
course of growth, the doping level is largely dependent on the
SiB6 content in the mixed powder, the more the SiB6, the higher
the doping level of silicon nanostructure will be. The doped
boron distribution was determined by the EDS elemental
mapping. As shown in Fig. 3(c) and (d), the boron element is
uniformly distributed in the Si NRs. Note that the mapping
prole of boron atoms from Sample B can hardly be distin-
guished due to low doping level (see Fig. 3(h)).

Individual nanostructure based led-effect transistors (FETs)
were fabricated to study the electrical transport properties.
19022 | RSC Adv., 2015, 5, 19020–19026
Fig. 4(a) shows Ids vs. Vds curves of a FET assembled from a
single highly doped Si NR (Sample A). The obvious linear curves
insinuate that Ohmic contact was formed between the Ti/Au
electrodes and the Si NR. In addition, the device exhibits a
very weak p-type gating effect: that is, when Vg decreases
(increases), the conductance increases (decreases) a lit bit
(Fig. 4(b)). For such a NR based FET device, the hole mobility
(mh) of the device can be calculated by using the equation of
mh ¼ gmL/ZC0Vds (ref. 29 and 30) where gm ¼ dIds/dVgs is the
linear-region channel transconductance, which is actually the
slope of the Ids/Vgs shown in Fig. 4(b), Z/L is the width-to-length
ratio of the channel (300 nm/3000 nm), C0 is the capacitance of
the back gate, and can be given by C0 ¼ 3r30/h,31 where 3r is the
dielectric constant for SiO2 layer (3.9), 30 the vacuum permit-
tivity (8.85� 10�14 F cm�1), and h the thickness of the SiO2 layer
(300 nm). Based on the above constants and equations, the
transconductance and hole mobility are estimated to be
This journal is © The Royal Society of Chemistry 2015
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3.0 � 10�8 S and 8.7 cm2 V�1 s�1, respectively. In addition, the
hole concentration (p) can be described by the relation of
s ¼ pqmh, where q is the elementary charge (1.6 � 10�19 C),
s is conductivity of the Si NR. The conductivity can be estimated
by the formula of IL/UA, where I is the current (1.616 � 10�6 A),
L is the length of the NR (3 � 10�4 m), U is the applied voltage
(3 V), A is the cross-section area of the NR (300� 60 nm2). Based
on these values, the conductivity and hole concentration are
estimated to be 8.977 � 102 S cm�1 and 6.45 � 1020 cm�3,
respectively.

Unlike the device made from Sample A, much stronger
p-type gating effect was observed on nano-FET made from
Sample B and C (cf. Fig. 4(c)–(f)). The semilogarithmic plots of
Ids vs. Vg at a constant Vds ¼ 3 V in the Fig. 4(d) and (f) reveal an
on/off ratios as large as 6 � 103 for Sample B, and 8 � 102 for
Sample C, respectively. The carrier mobility of the NW from
Sample B and C cannot be estimated by the above equation,
considering the fact that the building blocks has changed from
NRs to NWs inmorphology.32 Assuming a cylinder on an innite
plate model for the Si NW FET (Sample B & C), the channel
capacitance of the back gate can be estimated by the formula of
C ¼ 2p303rL/ln(4h/d),33 where 30 and 3r are the vacuum permit-
tivity (8.85 � 10�14 F cm�1) and effective dielectric constant of
SiO2 (3.9), respectively, h the thickness of the dielectric layer,
L the channel length, and d the radius of the Si NW. By tting
the linear part of the Ids–Vg curve, the transconductance (gm) is
determined to be 1.37 � 10�7 S for Sample B, and 2.25 � 10�11

S for Sample C. Moreover, the hole mobility is calculated to be
15.7 cm2 V�1 s�1 (Sample B), and 2.59 � 10�3 cm2 V�1 s�1

(Sample C), respectively. By using the relation of s ¼ pqmh
mentioned above, the hole concentrations are estimated to be
Fig. 4 Electrical characteristics of Si nano-FETs. (a) Ids–Vds of a NR FET
at different Vg. The inset shows a representative SEM image of the
single NR FET. (b) Transfer characteristics of the FET at Vds of 3 V. (c)
Ids–Vds curves at different Vg of Sample B, inset in (c) is the SEM image
of the NW FET. (d) The corresponding Ids vs. Vg at Vds of 3 V. (e) Ids–Vds

curves at different Vg of Sample C, inset in (e) is the SEM image of the
NW FET. (f) The corresponding Ids vs. Vg at Vds of 3 V.

This journal is © The Royal Society of Chemistry 2015
3.34 � 1017 cm�3 and 8.11 � 1016 cm�3 (Sample C) from the
relation: mh ¼ gmL

2/CVds.
Fig. 5(a) compares the typical I–V curves of Si nanostructure

from Sample A, B and C. It is revealed that the conductivity can
be readily tuned over a large order of magnitude by adjusting
the SiB6 content in the precursor. To statistically evaluate the
electrical conductivity of the boron doped Si nanostructures, we
have in total fabricated and analyzed 30 FETs, with 10 devices
from each sample (Fig. 5(b)). Obviously, the conductivity of
highly doped Si NR (Sample A) is very high and in the range
500–1200 S cm�1. But when the doping level was gradually
reduced by decreasing the SiB6 content in the mixed precursor,
the conductivity will substantially decreases to 0.5–1 S cm�1 for
Sample B, and to 0.30–1.0 � 10�5 S cm�1 for Sample C. This
result signies that such a doping method using SiB6 as dopant
could provide an alternative doping approach for tuning the
electrical conductivity of Si nanostructures. Table 1 compares
the SiB6/SiO ratio dependent electrical property of the
Si nanostructures. It can be seen that the hole concentration
increases continuously with increasing SiB6 content in the
mixed precursor, which suggests that the carrier concentration
in the Si nanostructures can be controlled by adjusting the ratio
of the precursor. However, the hole mobility increases at rst
from 2.57 � 10�3, to 15.7 cm V�1 s�1, and then decreases to
8.7 cm V�1 s�1 at high doping level. Understandably, this
phenomenon is due to enhanced carrier scattering of impurity
atoms in heavily doped Si nanostructures.34

Next, three kinds of silicon nanostructures/monolayer
graphene heterojunction were assembled from Sample A, B,
and C (cf. Fig. 6(a)) in order to explore the potential for opto-
electronic devices application. The monolayer graphene (MLG)
was conrmed by the Raman analysis in Fig. S3.† The inset in
Fig. 7(a) shows the I–V characteristic of heterojunction
composed of the Si NR (Sample A) and MLG. Obviously, the
current increases linearly with the bias voltage in the range
from �5 to 5 V. This characteristic is completely different from
that of Schottky junctions made from Sample B and C, in which
typical rectifying behavior was observed. Such a rectifying effect
can be exclusively ascribed to the graphene/Si NW considering
Ohmic contacts were formed at both the graphene/silver paste
Fig. 5 I–V characteristics of Si NWs (Sample B & C) in the dark. The
below right inset shows the I–V characteristics of Si NR (Sample A) in
the dark. The above left inset shows the distribution of electrical
conductivity for 30 FETs from Sample A, B and C nanostructures, ten
FETs for each sample.

RSC Adv., 2015, 5, 19020–19026 | 19023
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Table 1 Summary of the key parameters of the FETs based on Si nanostructures with different doping levels

Sample no. SiB6/SiO gm (nS) s (S cm�1) mp (cm2 V�1 s�1) p (1017 cm�3)

Sample A 1 : 1 30 8.98 � 102 8.7 6450
Sample B 1 : 2 137 8.39 � 10�1 15.7 3.34
Sample C 1 : 3 2.25 � 10�2 3.36 � 10�5 2.59 � 10�3 0.81

Fig. 7 (a) Comparison of I–V curves of the graphene/NWs from both
Sample B and C, the above left inset shows the I–V curves of Sample B
in the dark and under light illumination, the below right inset shows the
I–V curve of MLG/NW from Sample A. (b) Response of the hetero-
junction device to the pulsed photo-irradiation at bias voltage of 0 V,
the light wavelength was 850 nm, the powder intensity of the illumi-
nation was �9.8 � 10�3 W cm�2. (c) Spectral response of the MLG/
Sample B NW Schottky junction device.
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and Ti/Au electrode/Si NW interfaces (Fig. S4†). Remarkably,
once illuminated by NIR with wavelength of 850 nm, both
Schottky junctions made from Sample B and C displayed
pronounced photoresponse. As shown in Fig. 7(b), the electrical
current increased dramatically and stabilized at a low-resistance
“on” state upon light irradiation, but decreased quickly to a high-
resistance “off” state when the NIR was turned off, yielding an
on/off ratio as high as 105. To quantitatively assess the sensitivity
of the present device to NIR illumination, the specic detectivity
(D*) can be estimated by the formula ofD*¼ (AR/2qId)

1/2,35where
A is the active area of the device, q is the elementary charge, R is
the responsivity of the device, which can be described by
R ¼ (Ip � Id)/Popt, where Ip, Id and Popt represent the photocur-
rent, the dark current and the incident light power, respectively.
Based on the these values, the R and D* are estimated to be
8.7 A W�1 and 7.94 � 1012 cm Hz1/2 W�1 for Sample B, and
47.3 mAW�1 and 1.97� 1011 cm Hz1/2 W�1 for Sample C at zero
bias, respectively.

The device performance of the present device and other
photodetector with similar structures is summarized in Table 2.
Although both detectivity does not show any obvious advantage,
the on/off ratio and responsivity are as high as 107 and
8.7 A W�1, respectively, the highest values in comparison with
other Si nanostructures based photodetector ever reported.
Moreover, Fig. 7(c) shows the photoresponse of the Gr/Sample B
Schottky junction photodetector to varied illumination with
Fig. 6 (a) SEM image of the monolayer graphene/Si nanostructure
Schottky junction device. (b) Schematic illustration of the photo-
response measurement setup.

19024 | RSC Adv., 2015, 5, 19020–19026
different wavelengths (to make this study more reliable, the
light intensity was kept identical during test). It is visible that
the device exhibits good spectral selectivity, with peak sensi-
tivity at �960 nm.

In addition to the high sensitivity and good spectral
selectivity, the present device enjoys a slow relative balance
((Imax� Imin)/Imax) decay when irradiated by pulsed illumination
with frequency in the range from 1 to 1 MHz. In this study, the
pulsed optical signal was generated by a light emitting diode
driven by a signal generator with frequency as high as 20 MHz.
Fig. 8(a) plots the relative balance as a function of switching
frequency, from which one can see that the relative balance is
less than 1% when the switching frequency reaches 1 � 104 Hz.
Notably, even the frequency was increased to 1 MHz, the relative
balance decreases by less than 10%. This value, to the best of
our knowledge is the highest ever reported, which suggests
great potential for monitoring optical signal with ultra-high
switching frequency.39 It should be noted that, our Si
NW/MLG Schottky junction can work properly aer long-term
storage at ambient condition. As shown in Fig. 8(b), the NIR
photodetector can almost retain the same photocurrent aer
one month storage. In general, the response speed of a photo-
detector is oen evaluated by the rise time of its response to a
This journal is © The Royal Society of Chemistry 2015
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Table 2 Comparison of the device performance of the current Si nanostructures/MLG Schottky junction with other Si bulk or nanostructures
based NIRPDs

Device structure Responsivity sr/sf Ilight/Idark Detectivity Ref.

Individual Si NW/MLG 8.7 A W�1 181/233 ns 107 7.94 � 1012 This work
Si NWs array/AuNPs@ graphene 1.5 A W�1 73/96 ms 106 1.09 � 1014 10
Si NWs/carbon QDs 1.73 mA W�1 20/40 ms 3 � 103 3.79 � 109 36
Si bulk/graphene NIRPD 562 mA W�1 93/110 ms 1.1 3.90 � 1011 37
n-type Si/graphene 435 mA W�1 — 3 � 103 7.69 � 109 38

Fig. 8 (a) Relative balance of both MLG/Sample B, and MLG/Sample C
photodetector. (b) Photoresponse of the MLG/Sample B to pulsed
near infrared light with frequency of 1 MHz. (c) A single normalized
cycle of the MLG/Sample B Schottky junction photodetector for
estimating both rise time and fall time.
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pulsed signal. From the magnied photoresponse curve in
Fig. 8(c), the rise time (srise) and fall time (sfall) can be estimated
to be 181 and 233 ns, respectively, which are far faster than
other Si nanostructures based NIR photodetectors (Table 2).
Two factors are considered important to this ultra-fast response
speed. (1) The specic geometry of the device. In this study, the
three-dimensional core–shell conguration is capable of
quickly separating and collecting of the carrier by increasing the
Si NW/MLG interfacial area and allowing for the diffusion of
photo-generated carriers toward the depletion layer within a
small distance. (2) The high-quality of the hetero-junction. Due
to the formation of good Schottky junction, a built-in electric
eld was formed. As a result, the photo-generated carriers will
be effectively and rapidly separated. This fast response speed,
along with the excellent device stability renders the current
device promising candidate for future nano-optoelectronic
devices application.

Conclusions

In this work, we reported on a synthetic approach to silicon
nanostructures with controlled boron doping levels by a
thermal evaporation of a mixed powder of SiB6 and SiO. It is
revealed that the morphology of the product is mainly
This journal is © The Royal Society of Chemistry 2015
determined by the content of the SiB6 in the mixed powder.
Field effect transistors (FETs) analysis shows that the
as-prepared Si nanostructures all exhibit typical p-type
conduction behaviour. The hole mobility and concentration
can be readily tailored by the adjusting the content of SiB6. It is
also found that by tuning the content of the SiB6 in the mixed
powder, the electrical conductivity of the Si nanostructures can
be tuned over 7 orders of magnitude from 8.98 � 102 S cm�1

for the highly doped sample to 3.36 � 10�5 S cm�1 to lightly
doped sample. What is more, we observed that the Schottky
junction composed of monolayer graphene/individual
Si nanostructures exhibit ultra-sensitivity to 850 nm NIR irra-
diation with excellent spectral response, and fast response
speed (srise/sfall: 181/233 ns). We believe the present Si nano-
structures with controlled electrical property will have potential
application for future electronic and optoelectronic devices.
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