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Abstract

nanostructures.

barrier height

Periodically ordered arrays of vertically aligned Si nanowires (Si NWs) are successfully fabricated by nanosphere
lithography combined with metal-assisted chemical etching. By adjusting the etching time, both the nanowires'
diameter and length can be well controlled. The conductive properties of such Si NWs and particularly their size
dependence are investigated by conductive atomic force microscopy (CAFM) on individual nanowires. The results
indicate that the conductance of Si NWs is greatly relevant to their diameter and length. Si NWs with smaller
diameters and shorter lengths exhibit better conductive properties. Together with the |-V curve characterization, a
possible mechanism is supposed with the viewpoint of size-dependent Schottky barrier height, which is further
verified by the electrostatic force microscopy (EFM) measurements. This study also suggests that CAFM can act as
an effective means to explore the size (or other parameters) dependence of conductive properties on individual
nanostructures, which should be essential for both fabrication optimization and potential applications of
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Introduction

Silicon nanowires (Si NWs) have gained promising applica-
tions in electronic, photonic, optoelectronic and many
other fields due to their high aspect ratio and unique elec-
trical, thermoelectric and photoelectrical properties, as well
as the compatibility with traditional silicon technology [1-
5]. In the past decades, the researches of Si NWs have
mainly focused on the growth improvements and property
measurements. Many methods have been developed to pre-
pare Si NWs, including bottom-up methods such as vapor-
liquid-solid method, chemical vapor deposition, and mo-
lecular beam epitaxy [6—10] and top-down approaches
using electron-beam lithography, reactive ion etching or
metal-assisted chemical etching [11-16]. Among these
methods, nanosphere lithography (NSL) combined with
metal-assisted chemical etching (MACE) has been inten-
sively adopted to fabricate large-area ordered arrays of ver-
tically aligned Si NWs for its simplicity, low cost, and
versatility [15-23]. The Si NWs achieved by MACE usually
have very rough and even porous surfaces [18—21], which
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just makes them have a large specific surface area and ex-
cellent properties, leading to great application potentials in
biosensors, thermoelectric devices, lithium-ion batteries,
solar cells, etc. [22—24]. To realize those applications, it is
essential to get a good understanding of their electrical
properties. Nowadays two kinds of methods have often
been applied to investigate the electrical properties of
nanowires. One is carried out by ordinary macroscopic
methods, which is relatively easy to do but can only provide
averaged results over a large assembly of nanowires [24,
25]. The other is performed on individual nanowires with
special fabricated single nanowire devices [21, 26-28],
which could exclude the influence of size inhomogeneity
but is not easy to achieve, especially when measuring the
property dependence. Therefore, more convenient methods
to study the electrical properties on individual NWs with-
out complex nanofabrication are strongly required.

In recent decades, scanning probe microscopy (SPM)-
based electrical measurements reveal themselves as power-
ful techniques for electrical characterizations at nanoscale
[29, 30]. Among these SPM techniques, conductive atomic
force microscopy (CAFM) has been successfully applied to
study the conductive properties on single or individual
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nanostructures [30-32]. CAFM investigations on a variety
of nanowires, such as ZnO, InAs, CdS, CdSe, GaAs,
InAsSb, and Si NWs, have already been reported [33-38].
While most researches focused on the conductive proper-
ties of nanowires with fixed parameters, some investigations
were carried out to explore the doping dependence of con-
ductive properties [37—39]. The size dependencies of con-
ductive properties of nanowires have been much less
investigated yet. Only a few studies have been reported
about the diameter-dependent conductive properties of
nanowires, even not restricted to CAFM, and a consider-
able part of them dealt with the diameter dependence of
nanowires’ resistivity [25, 40—42]. For example, a couple of
researches on GaN nanowires found that the resistivity was
high at a critical diameter (20 ~ 80 nm, dependent on fabri-
cation methods) and kept unchanged beyond it [41, 43],
whereas other researches on Si nanowires reported that the
nanowire resistivity decreased with increased diameter in
the range of tens to hundreds of nanometers [40, 44]. For
semiconductor nanowires with metal contacts, Schottky
barrier may play an important role in their conductive
properties. Therefore, except for the resistivity, the Schottky
barrier should be taken into consideration in the presence
of semiconductor nanowires. Several papers have focused
on the diameter dependence of Schottky barrier height
(SBH), but the results are not consistent. For instance, Cala-
horra et al. calculated the SBH by solving Poisson’s equa-
tion in nanowire, and found a clear trend of increased
barrier height with size reduction [45]. Similar diameter de-
pendence was experimentally reported by Soudi et al. when
investigating the diameter-dependent surface photovoltage
and surface state density on ZnO single nanowire device.
They found that the surface barrier height increased with
the decreasing diameter (20-60 nm), which was interpreted
by surface state density simulated using Poisson’s equation
[46]. By contrast, scanning photocurrent microscopy mea-
surements on single Si nanowire field-effect transistors by
Yoon et al. revealed a contrary dependence, that is, the bar-
rier height decreased with the decreased diameter due to
the contribution of interface states [47]. Another experi-
mental work by Mao et al. on single Pt/ZnO nanoneedle
Schottky diodes also reported the barrier height decreased
with the decreasing diameter, which was explained by a
joule heating effect and/or electronic inhomogeneity of
interface [48]. Therefore up to now, the diameter depend-
ence of nanowires’ conductive properties has not reached a
consensus yet and is far from being thoroughly understood.
Especially, the size-dependent conductive properties as well
as size-dependent SBH studies have not been reported on
individual Si NWs fabricated by the MACE method, which
have quite a rough surface for promising applications.

In this paper, periodic arrays of vertically aligned Si
NWs with different diameters and lengths are prepared by
the method of NSL combined with MACE. Both the
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diameter and length of SiINWs can be well controlled by
adjusting the etching time. The conductive properties of
individual Si NWs inside the array are investigated by
CAFM without any further nanofabrication, which can
study the size-dependent conductive properties on indi-
vidual Si NWs conveniently by simply replacing the sam-
ple. The results demonstrate that the current measured
on individual Si NWs is strongly dependent on the NWs’
diameter and length. Si NWs with smaller diameters and
shorter lengths exhibit better conductive properties. From
I-V curve fitting, size-dependent Schottky barrier heights
can be obtained, which is found to act as a key factor to
determine the size-dependent conductive properties of
nanowires. Furthermore, similar size-dependent SBH was
obtained by electrostatic force microscopy (EFM) mea-
surements. Therefore, our study not only reveals the size-
dependent properties of Si NWs but also suggests that
CAFM can act as an effective means to explore the size
(or other parameters) dependence of conductive proper-
ties on individual nanostructures.

Materials and Methods

Materials

The Si wafers were purchased from MTI (China). The
suspensions (2.5 wt% in water) of polystyrene spheres (PS,
490 nm in diameter) were purchased from Duke Scientific
(USA). Acetone, methanol, sulfuric acid, hydrogen perox-
ide, and hydrofluoric acid for fabricating Si NWs were
purchased from Sinopharm Chemical Reagent (China).
Deionized water (DI, 18.2 MQ-cm) was obtained from an
ultrafiltration system (Milli-Q, Millipore, Marlborough,
MA).

Fabrication of Si NWs

Vertically ordered silicon nanowire arrays are fabricated
by NSL combined with MACE, which have been described
in detail in previous literatures [49, 50]. The major fabrica-
tion process is scheduled in Fig. 1a. Firstly, a monolayer of
polystyrene spheres (PS) with a diameter of 490 nm was
self-assembled onto the chemically cleaned planar Si wafer
(n-type, 0.01 Qcm) to form a hexagonal close-packed
monolayer. Subsequently, the PS covered sample was
etched by reactive ion etching (RIE, Trion Technology)
(50 W, 70 mTorr) with O, gas (20 sccm) to reduce the
diameter of PS, which acted as the mask layer in the fol-
lowing procedures. Afterwards, a 20 nm Au film was de-
posited by ion sputtering onto the sample masked by the
PS layer acted as a catalyst for the following MACE treat-
ment. The sample was treated by MACE in HF (40%) and
H,0, (30%) mixed solution (volume ratio 4:1) at room
temperature. In the MACE process, the Si surface covered
with Au was effectively etched while that covered by PS
(without Au) was protected, resulting in the formation of
Si NWs. Finally, the remained Au layer and PS spheres
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were removed by soaking the sample in KI/I, and tetra-
hydrofuran solutions, respectively. With this fabrication
method, large-area periodic arrays of vertically aligned Si
NW arrays can be obtained.

Characterization of Si NWs

The morphology of fabricated Si NWs was checked by
scanning electron microscopy (SEM, SIGMA300) while
their structural properties were investigated by Raman
spectroscopy (Jobin Yvon HR-Evolution 2 system) with
an excitation wavelength of 532 nm and a low power of
about 1 mW.

The electrical properties of Si NWs were investigated by
CAFM and EFM with a commercial SPM equipment
(Multimode V, Bruker Nano Surfaces), as diagrammed in
Fig. 1b. Cr/Pt-coated tips (Multi75E-G, Budget Sensors,
radius approximately 25 nm) were used for both CAFM
and EFM measurements. In CAFM, the conductive tip
was scanned over the sample surface in contact mode with
a DC bias voltage applied to the substrate while the tip
was grounded, and the current between the tip and sam-
ple was measured. As the surface anodic oxidation is ser-
ious under the positive sample biases, all the current
images were measured at negative sample biases. Various
negative voltages ranged from - 0.5 to — 3.0 V were tested
in the CAFM experiments. It was found, when the bias
voltage was set below - 1.5V, the current was too small to
be detected for samples with poor conductance. While the
bias voltage was set as — 2.0 V or larger, the measurements
were unstable, probably due to the damage of tip and/or
sample under a large electrostatic field. Therefore, the bias
voltage of — 1.5V was chosen for current image measure-
ments. The EFM measurements were carried out on Si
NWs in the two-pass mode. In the first pass, it worked in
tapping mode to get the topography image, while in the
second pass the tip was lifted high enough to ignore Van
der Waals force. In the lifted pass, a DC voltage was added

between sample and grounded tip, and the phase shift sig-
nal induced by electrostatic force was detected. All the ex-
periments were operated in a flowing N, ambient for
stable electrical measurements and the samples were pre-
dipped in the HF solution (5%) for 30s to effectively re-
duce the influence of the oxide layer on the conductive
characterization. Since the measurements were carried
out immediately after HF dipping, the reformed oxygen
layer should be thin enough to be penetrated by the con-
ductive tip and its effect on the conductance is minimal.

Results and Discussions

Fabrication of Si NWs

The fabrication of large-area vertically aligned ordered Si
nanowire arrays is illustrated in Fig. la. By changing the
RIE time, the diameter of PS spheres can be reduced to
desired values, and hence Si NWs with controllable diam-
eters can be achieved. The SEM images of Si NWs ob-
tained after 90, 120, and 150 s RIE etching are presented
in Fig. 2 a, b, and c, respectively. It can be observed that
the Si NWs are vertically aligned in a periodically hex-
agonal arrangement in a large area. These vertically
aligned Si NWs have the same period of 490 nm and the
same length of about 350 nm (same MACE time of 40s).
The diameters of the Si NWs in (a), (b), and (c) are around
350, 260 and 190 nm, respectively. The dependence of
NWs’ diameter on the RIE etching time is plotted in Fig.
2d, showing a good linear correlation. On the other hand,
the length of the nanowires could be adjusted by varying
the time of MACE in HF and H,O, mixed solution. The
cross-sectional SEM images of Si NWs after 40, 60, 80,
and 100 s MACE are shown in Fig. 2e. It can be seen that
the NWs’ length increases from 350 to 960 nm by increas-
ing the MACE time. Similarly, the Si NWs’ length exhibits
a good linear dependence on the MACE time, as shown in
Fig. 2f. These results indicate that ordered Si NWs with
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Fig. 2 Top view SEM images of Si NWs with same length of 350 nm, but different diameters of a 350 nm; b 260 nm; and ¢ 190 nm. The
dependence of NWs' diameter on the RIE etching time is plotted in d. e Cross-sectional SEM images of Si NWs with same diameter of 260 nm,
but different lengths of 350, 600, 800, and 960 nm. f Presents the dependence of NWs' length on the MACE time

controllable diameters and lengths are successfully fabri-
cated by the method of NSL combined with MACE.

From the SEM images, it can be also found that the Si
NWs have a very rough surface after chemical etching,
and their sidewall surface is especially rough. To check
the microstructure of the surface layer as a function of

diameter and length, Raman spectra were measured on
both bulk Si and Si NWs with different diameters and
different lengths. Each spectrum was normalized by
using the maximum peak intensity at 520 cm™*, and the
results for different diameters and different lengths were
shown in Fig. 3 a and b, respectively. The spectrum of
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Fig. 3 Typical Raman spectra of bulk Si and Si nanowires with a same length of 350 nm but different diameters and b same diameter of 190 nm
but different lengths. ¢ and d represent the redshift of peak position and the FWHM broadening as a function of nanowire length
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bulk silicon shows a sharp peak locating at ~ 520.1
cm™ ', Both the redshift of peak position and broadening
of peak width (termed with full-width at half-maximum,
FWHM) can be observed on Si NWs, as plotted in Fig. 3
¢ and d, correspondingly. The peak redshift and broad-
ening are rather small for nanowires with short lengths
of 350 and 600 nm and become relatively obvious as the
nanowire length increases to 800 nm and above. Such
Raman peak redshift and broadening are sometimes at-
tributed to the changes in dopant level or crystalline
content. According to the previous literatures [5, 51], for
the Si NWs fabricated by the same MACE method, the
doping concentration could possess the same doping
level as the starting wafer. Due to equipment limitations,
we were unable to confirm this result. On the other
hand, although these Si NWs have a rough surface, pre-
vious literatures found that the Si NWs fabricated by the
MACE method could mainly keep their crystal struc-
tures for both n- and p-doping and both light and heavy
doping [5, 51, 52]. Only a thin amorphous layer was ob-
served on the wall surface of the NWs. Similar results
were obtained on Si NWs with different diameters and
lengths by different groups. As such, it could be assumed
the Si NWs fabricated by the MACE method can keep
their dopant level and crystalline content almost un-
changed as their bulk counterpart, except the thin sur-
face layer.

Therefore, the Raman peak shift and broadening are
most probably induced by the nanowires’ damaged
rough surface [53]. There are several papers reported the
Raman results of Si NWs fabricated by the same MACE
method. For example, Feser et al. found that the signifi-
cant peak broadening at 520 cm™ ! increased with MACE
time and attributed this peak broadening to the crystal
disorder (e.g., clusters of point defects) induced by the
etching process [23]. Lajvardi et al. found that Raman
redshift increased with the MACE time, i. e. the TO Ra-
man peak was located at 521.1cm™ ' for bulk Si and
shifted to 518.7cm™' for 80-min etched samples, re-
spectively [54]. They stated that the origin of the Raman
shift may be due to the formation of Si nanocrystals on
the wall of the nanowire. Lin et al. observed that the TO
Raman peak shifted from 520 to 516cm™' when the
NWs’ length increases from 0 (bulk Si) to 2.73 pm, while
the peak width was broadened from 3 to 9 cm™ ' with in-
creasing NWs’ length from 0.19 to 2.73 um [55]. They
thought that the Raman peak broadening was dominated
by the phonon-strain interaction and the Raman peak
shift was proved to be proportional to the strain-induced
surface lattice distortion. Since the strain induced by HF
etching increased with the NWs’ length (more etching
time), both the Raman peak redshift and broadening in-
creased with the increasing NWs’ length. In our case,
from the Raman spectra as shown in Fig. 3 a and b, we
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can find that the TO Raman peak shifts from 520 to
5194cm™ ' when the NWs' length increases from 0
(bulk Si) to 960 nm, while the FWHM is broadened from
4.41 to 4.47 cm™ ' as NWs’ length increases from 350 to
960 nm. We prefer this length-dependent Raman peak
shift and broadening are originated from the damaged
surface (strain or disorder). However, due to the very
small variation in both redshift and peak broadening for
nanowires with different diameters and different lengths
(<1.0cm™ '), the change of strain/disorder with size can
be considered minimal. So the strain/disorder may mod-
ify the NWs’ conductance, but its influence on the size
dependence of conductance is not concerned in the next
sections.

Conductive Property Measurements on Single Si NWs

The conductive properties of Si NWs are measured by
CAFM on individual NWs with different diameters and
lengths. Typical topography images of the vertically
aligned Si NWs with the same length of 350 nm but differ-
ent diameters of 350, 260, and 190 nm are shown in Fig. 4
a, b and c, respectively, while their corresponding current
images obtained at the sample bias of — 1.5V are pre-
sented in (d), (e), and (f). It should be noted, as the Cr/Pt-
coated AFM tip is a wedge with a large angle, the Si NWs
exhibit a larger diameter than their actual ones. Addition-
ally, the current out of the nanowires could not be well
detected as the tip may not be able to contact with the
substrate, so only the currents measured on nanowires are
taken into account. From the current images, it can be ob-
served that most of the edges of Si nanowires exhibit a lit-
tle better conductance than the center. This may be
resulted by side contact between the AFM tip and the Si
NW with a larger contact area. Additionally, due to the
obvious roughness on the top surface, some regions at the
center area may also show large current similar to the
edge, resulting in no distinct ring-like current distribution.
On the other hand, the conductance of Si NWs is obvi-
ously related to the nanowires’ diameter. It can be seen
that both the conductive area ratio of nanowires and the
absolute current values increase significantly as the diam-
eter decreases from 350 to 190 nm. The results suggest
that the Si NWs with smaller diameters are more con-
ductive than those with larger ones. To get the diameter
dependence more intuitively, the current profiles along
the marked lines in Fig. 4 d to f are displayed in Fig. 4g. It
clearly shows that the Si NWs with the diameter of 190
nm are much more conductive than those with the diame-
ters of 260 nm and 350 nm. Such diameter dependence
can also be obtained from the statistical histograms of
current distributions on Si NWs with different diameters,
as shown in Additional file 1: Figure S1(a), which exhibits
the current distribution shifts to high values when the
diameter decreases. The averaged currents (Z,,) of Si NWs
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are calculated by averaging the current over all the nano-
wires in the current images, which is plotted in Fig. 4h as
a function of NWs’ diameter. The averaged current of Si
NWs exhibits a dramatical nine times increase when the
NWs’ diameter decreases from 350 to 190 nm. Similar
current dependence on diameter has been achieved on
single InAs nanowires as well as on single Si nanowire de-
vices [35, 47].

Typical current images of Si NWs with different
lengths and the same diameter of 190 nm measured at
the sample bias of — 1.5V are presented in Fig. 5. Fig-
ure 5 a to d show the current images of Si NWs with
the lengths of 350, 600, 800, and 960 nm, respectively. It
can be seen that in these current images, the conductive
areas decrease obviously with the increasing length,
while the decrease of absolute current is not so obvious,
especially for the NWs with the length of 350 nm and
600 nm. Maybe due to the existence of local irregular
surface roughness, even larger current was observed at
some spots in Fig. 5b. Nevertheless, the average current
of Fig. 5b was much smaller than that of Fig.5a. Using
the same analyses as above, the current profiles along
the marked lines are presented in Fig. 5e, and the statis-
tical histograms are shown in Additional file 1: Figure
S1(b). Both of them clearly exhibit a significant current
decrease with the increased NWs’ length. The averaged
currents of the nanowires as a function of NWs’ lengths
are plotted in Fig. 5f, and they are on the order of tens
to hundreds pA which is much smaller than that shown
in Fig. 5 a to e on the order of nA. It is because that the
nanowires exhibit relatively large current only at a few
conductive spots when most regions are nonconductive.
From Fig. 5f, the averaged current exhibits more than
three times decrease when the length increases from 300
to 960 nm, indicating the nanowires’ conductance de-
creasing with the increased length. The dependence of
nanowire resistance on the length has previously been
investigated by four-point resistance measurements on
semiconductor nanowires, which suggested that under
Ohmic contact the nanowire’ resistance increased with
its length linearly with the slope of resistivity [56, 57]. In
our case, from the plot of I ~ 1/L as given in Additional
file 1: Figure S2, the dependence is remarkably nonlin-
ear; hence, the resistivity could not be correctly obtained
from the curve slope. It is worth note in CAFM mea-
surements, the total measured resistance includes the
contact resistance between Cr/Pt-coated tips and Si NW
(Reip/nw); the resistance of Si NW (Ryw) and the resist-
ance of Si wafers (Rp). Since the resistance measured
by CAFM mainly comes from the localized surface area
beneath the tip and it decreases quickly with the in-
creased area along the current path, Ruy is much
smaller compared with Ryvw and Rypnw. On the other
hand, due to the very small metal-semiconductor
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contact area between the tip and nanowire, the contact
resistance Ryp/nw is much larger than the nanowire re-
sistance Ryvw. The nonlinearity of current dependence
on 1/L just indicates the presence of large contact resist-
ance. Therefore, in the measurements carried out by
CAFM, metal-semiconductor contact resistance should
be emphatically considered, in which the Schottky bar-
rier plays an important role.

To verify the above inference, current-voltage (I-V)
curves were recorded on individual Si NWs to investi-
gate the Schottky barrier at the metal tip/Si nanowire
contact. Typical I-V curves on the Si NWs with the
same length of 350 nm but different diameters are pre-
sented in Fig. 6a and those on the Si NWs with the same
diameter of 190 nm but different lengths are displayed in
Fig. 6b, respectively. All the I-V curves exhibit larger
currents at negative sample voltage region, in accord-
ance with the typical I-V curves with the Schottky con-
tact between the metal tip and n-type semiconductor. As
the I-V curves exhibit good metal-semiconductor char-
acteristics, it indicates that the oxygen layer effect on
conductance is not serious and thus assumed minimal in
the following discussion. Meanwhile, the results show
that smaller and shorter nanowires exhibit larger con-
ductance than larger and longer ones, well consistent
with the results obtained from current images. For quan-
titative analyses, a well-known thermionic emission
model for a metal-semiconductor contact is adopted [58,
59]. In this model, the I-V characteristics of a Schottky
contact to n-type semiconductor in the presence of
series resistance can be approximated as [59]:

AP o

where 7 is the ideal factor and Rg is the series resist-
ance. Ig is the saturation current, which can be expressed
by:

Is = AAST? exp(- @), 2
5= AAST exp(~ 22 ©)

where A is the contact area, A* is Richardson’s con-
stant, and ¢p is the Schottky barrier height (SBH) be-
tween the metal tip and Si nanowire. Thus, SBH can be
obtained with the formula:

AAx T2) ’ (3)

S

¢p = kT ln(

The I-V curves in Fig. 6 a and b can be well fitted by
Eq. (1), and a typical fitting line at the forward region is
shown in the inset of Fig. 6a. To get the SBH values



Hu et al. Nanoscale Research Letters (2020) 15:52

Page 8 of 12

Fig. 6 Typical |-V curves on the Si NWs with the same length of 350 nm but different diameters (a) and same diameter of 190 nm but different
lengths (b). The inset in a shows a typical fitting result of Si NWs with the diameter of 190 nm and length of 350 nm. c and d represent the

oD =350 nm
(a) «D =260 nm |

) +D =190

g 0 | nm

N’

~— —_~

S S

h -

5

L-200¢ &

Sample bi;s \%) ’
-2 -1 0 1 2
Sample bias (V)
asot () o
~ ...-"..
2 360} K3
g
N’ K
sl 340} -
30} ¥
200 250 300 350
NW diameter (nm)
Schottky barrier heights obtained from the fitting results as a function of NWs' diameter and length, respectively

[ (b)

—_
< Of
=
N’
~—
5 -100 o L =350 nm
t *L=600 nm
= « L =800 nm
@) 200 » L =960 nm
_300 i i ' i i
2 1 0. 1 2
Sample bias (V)
500} (d) }
= R
2 450t
£ &
— 400}
=
R3s0F o
¢
300 i i i i
400 600 800 1000
NW length (nm)

J

from the saturation current, the effective Richardson
constant A* is assumed to be approximately equal to
that of bulk silicon, i.e., 112 A cm™ > K ? for n-type sili-
con [59]. The contact area is assumed to be 2 x 101!
cm?® by taking the Cr/Pt-coated tip radius as 25 nm. The
SBH values are obtained to be about 322, 359 and 377
meV for the Si NWs with the same length of 350 nm
and different diameters of 190, 260 and 350 nm, respect-
ively. For Si NWs with the same diameter of 190 nm and
different lengths of 350, 600, 800 and 960 nm, the SBH
values are 322, 425, 473 and 495 meV, correspondingly.
For comparison, typical I-V curve was measured on the
same type of Si wafer, as shown in Additional file 1: Fig-
ure S3(a). It clearly shows that the conductance of Si
wafer is much smaller than the produced NWs. Detect-
able current could only be measured at high bias volt-
ages (-4 ~ - 10V). After fitting the [-V curves with the
above thermionic emission model (Additional file 1: Fig-
ure S3(b)), SBH value of 0.60 eV was obtained for bulk
Si. Obviously, all of the measured SBH values for Si
NWs with different diameters and lengths are smaller
than that of the bulk Si. Similar Schottky barrier lower-
ing in nanowires has been reported by different groups
on different types of nanowires, which was attributed to
the carrier recombination in depletion region [46, 60],
barrier inhomogeneity and Joule heating effect [48], or
image potential lowering [47]. In our case, the barrier

lowering can be also attributed to the large density of
surface states induced image potential lowering and car-
rier charging in depletion region.

The dependence of SBH values on nanowires’ diameter
and length is plotted in Fig. 6 ¢ and d respectively, and it
can be found that the SBH increases obviously with the in-
creasing of both nanowires’ diameter and length. In
addition, the same measurements were done on Si NWs
with different diameters of 260 and 350 nm for all lengths,
and the I-V curves are shown in Additional file 1: Figure
S4 a and b, respectively. The obtained diameter-
dependent SBH values from curve fitting for all lengths
are listed in Table 1 and plotted in Additional file 1: Figure
S5. The results show that the SBH values increase with in-
creased diameter for all lengths, and also increase with in-
creased length for all diameters. Therefore, the results
obtained from the I-V curves analyses suggest that the
Schottky barrier lowering is more significant for the nano-
wires with smaller diameters and shorter lengths. On the
other hand, the ideal factor # and series resistances Rs of
Si NWs with different diameters and lengths can also be
obtained from the fitting results, as listed in Table 1. The
results show that # is much larger than 1 for all nanowires
(2.8 ~9.4), indicating that the contact between the tip and
nanowire is not ideal metal-semiconductor contact, prob-
ably due to the existence of oxide layer. On the other
hand, the Rs increases with increased diameter as well as
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Table 1 Schottky barrier height (SBH), ideal factor (n) and series
resistance (Rs) obtained from the fitting results of -V curves
obtained on Si NWs with different diameters and lengths

Length & Diameter SBH (meV) n Rs (MQ)
=350 nm D=190 nm 323 5.7 6.1
D =260 nm 359 6.8 9.2
D =350 nm 378 94 216
L=600 nm D=190 nm 426 50 6.7
D =260 nm 438 7.1 319
D =350 nm 446 55 403
=800 nm D=190 nm 474 4.1 11.0
D =260 nm 489 94 36.7
D =350 nm 542 7.7 404
L=960 nm D=190 nm 496 4.7 323
D =260 nm 544 6.2 1813
D=350 nm 567 28 288.0

increased length. For example, R increases from 6.1 to
21.6 MQ as the diameter increases from 190 to 350 nm
for the same length of 350 nm and increases from 6.1 to
32.3 MQ for the length from 350 to 960 nm with the same
diameter of 190 nm. The increase of Rs with increased
length is reasonable, while that increase with increased
diameter is out of expectation. There is no good explan-
ation for it at present, which may because that the series
resistance is not simply the resistance of nanowire and the
effective tip-nanowire contact area is not exactly equal to
the nanowire’s sectional area. Nevertheless, the series re-
sistances of Si NWs did be much smaller than the contact
resistances, therefore the conductance of Si NWs should
be dominated by the SBH determined contact resistance.
The origin of the size-dependent SBH is not very clear
yet. The mechanism explanation for similar diameter de-
pendence of SBH has been supposed in several literatures
[45-48, 60]. For example, Leonard et al. interpreted this
effect with the point of electron-hole recombination in de-
pletion region [60]. As the recombination time decreased
as the nanowire diameter was reduced, current density in-
creased with decreasing nanowire diameter. Yoon et al.
explained the diameter-dependent SBH using the pres-
ence of interface states [47]. Mao et al. attributed its origin
to barrier inhomogeneity and Joule heating effect [48]. In
our case, the Si NWs are made by the MACE method, so
there inevitably exist an amount of defects on the surface
and a reformed thin oxygen layer, resulting in a large
density of surface states. Actually, from the enlarged SEM
images and AFM observation, the top surface of Si NWs
is very rough, further increasing the density of surface
states. We think the presence of surface (or interface)
states should be the main cause of the diameter depend-
ence of SBH. According to previous literatures [47, 61,
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62], the SBH lowering was interpreted by charged inter-
face states. By adopting the cylindrical coaxial capacitor
model used in reference [47], interface state—induced car-
rier transfer will form two opposite charged layers (metal
and semiconductor contact surface) which generates an
electric field opposite to the built-in electric field and
lowers the barrier potential. As the surface state density
increases with decreased nanowire diameter, smaller SBH
is obtained on nanowires with a smaller diameter. Why
the values of SBH related to the nanowire length is not
clear yet. As the MACE time increased, the surface dis-
order or roughness increases correspondingly. Different
changes in the surface microstructures may introduce dif-
ferent changes of SBH values, which need further investi-
gations to work it out. Anyway, whatever the origin of size
dependence of conductive properties, the size-dependent
SBH lowering could result in higher conductance, which
should be beneficial for practical applications.

EFM Measurements on Single Si NWs

To further verify the size-dependent SBH results of Si
NWs obtained by CAFM, the EFM measurements were
performed on the same samples and the EFM phase shift
was measured as a function of applied DC bias. In previ-
ous literatures [63, 64], the relation between phase shift
and electrostatic force has already been established, where
the tip-sample system is roughly treated as a plane capaci-
tor. When a bias is applied between the tip and the sam-
ple, the capacitive electrostatic force gradient would cause
a phase shift. At a lifted height where the Van de Waals
force can be ignored, the electrostatic force acted on the
tip can be expressed as [63]:

19C ,
F=-2 (Vee-V 4
3 aZ( erm—Vepp), (4)

where C, Vepy, and Vepp are the capacitance, applied
DC voltage and contact potential difference (CPD) be-
tween the sample and tip, respectively. Vpp can be writ-
ten as (Psampie — Prip)/€ When the bias voltage Vepy was
applied to the sample in our experiments. The phase
shift detected by EFM is proportional to the gradient of
the electrostatic force, which can be written as:

Q1d°C

k |2 022

pg— - QF _

P (VEFM_VCPD)2 ; (5)

where Q is the quality factor, k is the spring constant
of the probe and z is the distance between tip and top of
Si NW.

From Eq. (5), it can be seen that the EFM phase shift
should be equal to zero at Vgpy = Vepp. Therefore, Vepp
can be achieved from the EFM measurements. The
AD~Vepy curves measured at a lift height of 100 nm on
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the individual Si NWs with different diameters and
lengths are shown in Fig. 7 a and b as the scattered dots,
respectively. By using Eq. (5), the A®~Vgp; curves can
be fitted well, shown as the solid lines in Fig. 7 a and b.
From the fitting parameters, the values of Vcpp can be
obtained, as presented in Fig. 7 ¢ and d as a function of
diameter and length respectively. The results show that
the CPD values increase with increased diameter and in-
creased length. Similar CPD results have been reported
in a previous work performed by Kelvin probe force mi-
croscopy on ZnO NWs, in which the absolute value of
CPD between ZnO nanowire and Pt/Ir tip also increased
with increased diameter [65]. As diagrammed in Add-
itional file 1: Figure S6, the value of SBH roughly equals
to qVepp plus E, (= Ec — Ep). As E, is a constant for all
Si NWs made from the same material, the size depend-
ence of Vcpp well represents the size dependence of
SBH. Therefore, from the EFM results, it can be sug-
gested that, the SBH values increase with the increasing
of NWs’ diameter and length, well consistent with the
results achieved by CAFM measurements. Similarly, the
EFM measurements are performed on all series of Si
NWs, and the diameter-dependent Vpp values at differ-
ent lengths are shown in Additional file 1: Figure S7(a)
and (b) respectively, which exhibit same diameter de-
pendence as that obtained by CAFM.
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Conclusion

In summary, by a simple, low-cost method without in-
volving any intricated procedures, Si NWs arrays with
controllable diameters and lengths are prepared. Both
the diameter and length of SiINWs can be well controlled
by adjusting the etching time. The conductive properties
include the current map and I-V curves are directly
measured on individual Si NWs without complex nano-
fabrication procedure by the means of CAFM. Size-
dependent conductance of Si NWs can be obtained from
both the current images and I-V curves. Our results
demonstrate that the Si NWs with a smaller diameter
and shorter length exhibit better conductance. It can be
attributed to the size dependence of SBH, which in-
creased from 322 to 377 meV with the diameter increas-
ing from 190 to 350 nm for the same length of 350 nm.
Correspondingly, the SBH values increased from 322 to
495 meV as the length varies from 350 to 960 nm for the
same diameter of 190 nm. The same size-dependent
SBH can also be obtained from the EFM measurements.
Such SBH lowering is interpreted by charged interface
states. Therefore, our study not only reveals the size-
dependent properties of Si NWs but also suggests that
CAFM can act as an effective means to explore the size
(or other parameters) dependence of conductive proper-
ties on individual nanostructures.
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Supplementary information accompanies this paper at https://doi.org/10.
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Additional file 1: Figure S1. Histograms of the current distribution of
Si NWs obtained from the current images as shown in Figures 3 and 4.
(a) and (b) presents the statistical current distributions of Si NWs with
different diameters (same length of 350 nm) and different lengths (same
diameter of 190 nm), respectively. The current distribution shifts to right
with decreased diameter and length. Figure S2. Averaged current as a
function of 1/Length. Figure S3. (a) Typical |-V curve measured on the
same type of Si wafer; (b) Fitting result of the |-V curve in (a) with equa-
tion (1). Figure S4. Typical -V curves on the Si NWs with different
lengths and the same diameter of 260 nm (a) and 350 nm (b), respect-
ively. The curves exhibit similar length dependence as that obtained from
Fig. 6b. Figure S5. Diameter and length dependent Schottky barrier
heights obtained from the fitting results of I-V curves on Si NWs with dif-
ferent lengths and different diameters are shown in (a) and (b), respect-
ively. Figure S6. Energy band diagram of the contact interface between
metallic tip and Si NW. Vpp is the contact potential difference and the
value of SBH roughly equals to the sum of gVp and E,. Figure S7.
Diameter and length dependent contact potential difference values ob-
tained by EFM curve fitting are given in (a) and (b), respectively.
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