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emiconductor nanowires are poten-

tially powerful building blocks in inte-

grated nanodevices and systems.!
The ability to rationally synthesize nanow-
ires with precisely controlled and tunable
electrical transport properties has opened
myriad opportunities for assembling vari-
ous functional nanosystems, such as photo-
detectors,” multicolor LEDs,® 3D integrated
electronics,” and address decoders.!
Nanomaterial-based chemo- and biosen-
sors with exceptionally high sensitivity have
been demonstrated recently. Surface-
sensitive properties of nanostructures form
the basis of high-sensitivity gas, chemical
and biological detectors. The large surface-
to-volume ratio of nanostructures results in
the dominance of surface characteristics
(e.g., composition, bonding, and surface
states/defects) in determining the global
(i.e., observed) materials properties (electri-
cal, thermal, mechanical, catalytic, optical,
etc.) of nanomaterials. However, such high
surface sensitivity, though beneficial for
some device applications, presents a seri-
ous challenge to device fabrication as it
leads to difficulty in the reproducibility and
controllability of device performances. Nano-
device performance depends sensitively on
fabrication procedures, environmental con-
ditions/adsorbates, surface scattering, and
surface trapping. Obviously, the ability to
control surface properties in nanostructures
is fundamental to the development of
nanostructure-based devices. In this work,
using intrinsic silicon nanowires (SiNWs) as
a model system, we demonstrate the role of
controlling surface conditions in determin-
ing the overall electrical and transport prop-
erties of SINWs.
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ABSTRACT p-Type surface conductivity is a uniquely important property of hydrogen-terminated diamond
surfaces. In this work, we report similar surface-dominated electrical properties in silicon nanowires (SiNWs).
Significantly, we demonstrate tunable and reversible transition of p* —p—i—n—n" conductance in nominally
intrinsic SiNWs via changing surface conditions, in sharp contrast to the only p-type conduction observed on
diamond surfaces. On the basis of Si band energies and the electrochemical potentials of the ambient (pH value)-
determined adsorbed aqueous layer, we propose an electron-transfer-dominated surface doping model, which can
satisfactorily explain both diamond and silicon surface conductivity. The totality of our observations suggests
that nanomaterials can be described as a core —shell structure due to their large surface-to-volume ratio.
Consequently, controlling the surface or shell in the core—shell model represents a universal way to tune the
properties of nanostructures, such as via surface-transfer doping, and is crucial for the development of

nanostructure-based devices.

KEYWORDS: silicon nanowires - electronic properties - surface charge-transfer
doping - core—shell model - field-effect transistors

SiNWs are particularly interesting due to
their ready compatibility with present
silicon-based semiconductor technology
and being a promising candidate for the
“bottom-up” approach to nanoscale
devices.®7 1012724 Recent developments
have shown diverse applications of SiNWs,
such as electronic devices,?'%12715 LEDs,®
thermoelectric devices,” photovoltaics,'® 2
biological or chemical sensors,?'?? and
lithium batteries.>?* Doping of semicon-
ductor nanowires is usually achieved by in-
corporating foreign atoms into the host lat-
tice, via post-annealing® ion implantation?® *Address comespondence to
or in situ doping during growth apwjzh@cityu.edu.hk (W.J. Zhang),
etc. 21213272 glthough each technique has ~ wangpf@mail.ipc.ac.cn (P.F. Wang),
its inherent problems. For example, post- apannale@cityu.edu.hk (S.T. Lee).
annealing process can lead to reduced near-  Received for review January 27, 2010

band-edge (NBE) emission, while ion im- and accepted May 11, 2010.
plantation invariably induces defects and . .

. o 25,26 K Published online May 19, 2010.
increased resistivity in NWs.>>?° Further, it 10.1021/nn1001613

is difficult to achieve controlled doping via

these two methods. By comparison, the © 2010 American Chemical Society
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Figure 1. Electrical transport properties of a typical intrinsic
SiNW FET (in the inset of a) measured in air with Au (100 nm)
as electrodes. Nanowire diameter is 150 nm, and effective
gate length is 11 pm. (a) Ips—Vps curves of the device re-
corded at different V. (b) Ips— V¢ curves at Vps = 2 V.

in situ doping approach may realize reliable doping pro-
file while keeping the nanostructure intact. Convention-
ally, dopants are associated with impurity atoms intro-
duced into the bulk of semiconductors. Nevertheless,
doping effect can also be achieved via electron ex-
change between the semiconductor and surface
adsorbents.3°~38 Indeed, a doping method based on
electron transfer, named surface-transfer doping, has
been shown for diamond films,3°~34 carbon
nanotubes,®~3” and porous silicon,*® for which tunable
electrical properties have been obtained by chemi-
adsorption from ambient rather than by dopant intro-
duction into bulk materials. For example, H-terminated
diamond in ambient air can gain large surface p-type
conductivity, and the electronic conductivity of carbon
nanotubes can vary drastically upon exposure to differ-
ent gases, such as NHz or NO,.3>~37 Nevertheless, simi-
lar surface-transfer doping of SiNWs yielding tunable
electrical properties has never been reported, to our
best knowledge. Here, we report for the first time re-
versible p*—p—i—n—n" transition in intrinsic SINWs
via surface-transfer doping.

RESULTS AND DISCUSSION

Figure 1a shows the Ips versus Vps curves measured
in air of a FET fabricated from a single SiNW, and the in-
set shows a typical scanning electron microscope (SEM)
image of a single NW FET. The diameter of the NW is
about 150 nm, and effective gate length is 11 um. The
gate voltage dependence of Ips—Vps curves reveals a
pronounced gating effect characteristic of p-type con-
ductivity; that is, the conductance of the NW increases

O
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(or decreases) with decreasing (or increasing) positive
V. The distinctive p-type high conductivity reflects the
dominant effect of nanostructures with a large surface-
to-volume ratio on transport properties. These results
suggest a salient approach (see below) to tune and con-
trol doping or conductivity of SINWs via surface adsorp-
tion engineering.

The transfer characteristics of the SINW measured
in air at a fixed Vps = 2 V are depicted in Figure 1b. By
fitting the linear part of the Ips—V; curve, transconduc-
tance (gn,) value and turn-on threshold voltage (Vy;,) are
estimated to be 6 nS and —8.2 V, respectively. The ef-
fective field-effect hole mobility () can be estimated
by using the equation of gn, = dlps/dVg = unCVps/L?,
where Cis the NW capacitance and L is the effective
NW length between electrodes. The capacitance is esti-
mated at 1.2 X 107 '° F by the equation of C =
2megesio,L/In(4h/d), where &sio, is the dielectric con-
stant of SiO,, h is SiO, thickness, and d is NW diameter.
The hole mobility w, can then be calculated to be 3.2
cm?/(V-s) at Vps = 2 V. In addition, the hole concentra-
tion (ny) is estimated to be 3.0 X 10" cm™3 from the
equation n, = V4, C/qm(d/2)’L, and the resistivity of the
SiNW is 1.04 Qdcm according to p = 1/0 = 1/nqp, re-
spectively. The resistivity derived here is decreased
drastically by about 3 orders of magnitude lower with
respect to that of the original wafer surface. Further-
more, the ON/OFF ratio determined from the semilog
plot of Ips versus Vg at a constant Vps = 2 V is greater
than 10 Note that the calculated hole mobility is far
smaller than that in the original wafer and falls in the
low end of the values measured in the p-type or n-type
SiNWs synthesized by in situ doping method.?'?' The
low mobility is understandable because carrier trans-
port in the NW is mainly via the thin surface layer rather
than the highly insulating core, and the etched NW nor-
mally has a rough surface, as shown in Figure S1 (Sup-
porting Information); therefore, scattering centers
would severely reduce carrier transport in the NW. We
propose that the observed p-type conductivity is due to
a surface-transfer doping mechanism,*°~34 by which
electrons are transferred from silicon to the outer adsor-
bate layer, leading to an equal amount of electrons
and holes residing on the outer layer and silicon side
of the interface, respectively.

It was reported that SiNWs functionalized with
3-aminopropyltriethoxysilane (APTES) and oxide ex-
hibit pH-dependent conductivity, which was explained
in terms of change in surface charge via protonation
and deprotonation.* In addition, according to the
surface-transfer doping model,**~34 electrons would
transfer from the hydrogen-terminated diamond sur-
face to the adsorbed wet ambient layer when the pH
value of the wet layer is less than 7, thereby leading to
enhanced p-type conduction in diamond.?? In light of
the similarity of diamond and Si, we propose that
p-type conduction in SiNWs is similarly due to the
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charge transfer between the SiNW and surrounding am-
bient environment, which is weakly acidic with pH
around 6.

To test our proposed charge-transfer mechanism
for p-type conduction and its potential to tune the elec-
trical properties of SiNWs, we performed systematic in-
vestigations of the transport characteristics of SINW
FETs in various acidic and basic environments. We mea-
sured SiNW FETs in a chamber filled with an acidic am-
bient and found that the conductance of p-type SiNWs
was substantially increased (>4 orders of magnitude)
upon exposure to vapors of acetic acid (10%, pH ~5) or
nitric acid (10%, pH ~3), as shown in Figure 2a. The ex-
periments were carried out by placing a SINW FET in a
sealed stainless chamber connected to a sealed 500 mL
glass flask containing the acid solution. The p-type con-
ductance of the SINW increased sharply by about 2 or-
ders of magnitude after acetic acid vapor purging for 3
min and then increased slowly by an additional 2 orders
of magnitude in 2 h before reaching saturation. In the fi-
nal saturation stage, we measured the Vs-dependent
Ios— Vs curves for the SINW, as shown in Figure 2b. The
wire then exhibited a low resistivity of 8.0 X 107* Qcm
and no dependence of Ips—Vps curves on V; that is, the
curves recorded at V; of —20, —10, 0, 10, and 20 V
were identical and overlapping. The results show that
extended exposure to acetic acid vapor led to a high
hole concentration in SiNWs, which became nearly
metallic-like. Remarkably, after the acetic acid vapor
was purged and replaced by pure N, at 1000 sccm, the
conductance and electrical transport properties of the
SiNW recovered within 20 min to almost the original
value (Figure 2a).

Similar experiments were conducted by immersing
p-type SiNW FETs in the vapor of 10% nitric acid, which
has a lower pH value of about 3. The conductance of
the exposed p-type SiNW increased to saturation in less
than 8 min, much faster than the 2 h needed to reach
saturation in acetic acid ambient conditions. After nitric
acid vapor was purged and replaced by pure N,, all
transport properties of the SINW were also completely
recovered to those before acid exposure. To ascertain
the generality of the phenomenon, we performed ex-
tensive experiments and showed that p-type conduc-
tion of SINWs was consistently increased in all acid am-
bient tested, including acidic gases (CO,, SO,, Cl,, NO,,
and Hdl), acid vapors (HsPO,, HCl, H,SO,, and HF), or
weakly acidic organic solutions (alcohol or acetone),
whereas p-type conduction of SiNWs was consistently
decreased after purging the acid vapor by dry neutral
gas of O, Ar, or N,. The decrease in p-type conductiv-
ity upon dry gas purging may be attributed to removal
of adsorbed water from SiNWs' surface.*® The totality of
the results shows that p-to-p™ transition in the SINW
can be reversibly tuned by adsorption and desorption
of acid vapor, and enhanced conductivity and even
heavily doped metallic-like p-type conductivity in the
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Figure 2. (a) Time dependence of Ips of the SINW FET measured in air
and upon acid purging at Vps = 2 V. (b) Ips—Vps curves at different Vg

when the conductance value stabilizes after acetic acid purging. (c) Time

dependence of Ips of the SINW FET measured in vacuum and upon NH;
purging at Vps = 2 V. (d,e) Expanded views of time dependence of Ips in

the initial 12 min in panel c.

SiNW can be realized by exposing the wire to strong
or weak acid vapor in the presence of water moisture,
with the latter requiring a longer response time.

Next, the response of conductance of SiINW FETs to
basic ambient was investigated by introducing 5 sccm
of NHs, a weak base of pH >7, into the chamber; the re-
sults are shown in Figure 2c—e. Upon evacuation to
vacuum, at a fixed Vps = 2V, the Ips of the SINW FET de-
creased from 3 X 1078 t0 2.5 X 1078 Ain 10 min, as
shown in Figure 2d. With NH; flowing, Figure 2e shows
that the conductance decreased by about 1 order of
magnitude in the first ~12 s; the slow change in con-
ductivity sharply contrasts the fast increase in conduc-
tance of SiINWs upon exposure to acid vapors. Thereaf-
ter, the conductance increased steeply by more than 4
orders of magnitude in 2 s with further inlet of NH; be-
fore reaching saturation at ~5 Torr. We consider that
the dramatic decrease in conductance is due to com-
pensation of the original holes by electrons from the in-
troduced NH; at high pH. Consequently, SiNWs
changed from p-type to intrinsic, and then to n-type,
which corresponds to the subsequent sharp increase in
conductance. Once the NH; flow was stopped and
evacuation started, the conductance and electrical
transport properties of the SINW recovered within 2 s
to the original values before the NHs purge (Figure 2c).
This recovery process exhibited a much faster response
than that in acetic or nitric acid vapor. Interestingly, ex-
posure to a second cycle of vacuum and NHs vapor at
a higher pressure of 20 Torr led to 1 order of magnitude
higher equivalent conductance in the SiNW relative to
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Figure 3. (a) Electrical properties measured under different
NH; partial pressure. (b) Ips—V; curves at Vps = 2 V for the
SiNW FET in vacuum and at NH; pressure of 0.1 and 2 Torr.

that at 5 Torr, as shown in Figure 2c, probably due to
more electron injection in NH; ambient environment.
The carrier transport properties versus NH;z pressure
are shown in Figure 3. From the transfer curves in Fig-
ure 3b, SINWs in vacuum (zero NH; pressure) were cal-
culated to have a hole concentration of 2.6 X 10" cm ™3
and a resistivity of 18.4 (0cm, which are 2 and 1 order
of magnitude lower and higher than the respective
value in air. It suggests that water vapor and CO, in am-
bient air may have a considerable contribution to
p-type conduction in SiNWs, thus leading to reduced
conductivity upon pumping. At a NH; pressure of ~0.1
Torr, the Ips— Vg curves in Figure 3b clearly show ~1 or-
der of magnitude decrease in the conductance of
SiNWs relative to that in vacuum; the derived hole con-
centration and resistivity were 7.4 X 10 cm~3 and
734 Qcm, respectively. The decreased hole concentra-
tion and increased resistivity are attributed to compen-
sation of the free acceptors from the H* in acidic air
by the free donors from the OH™ in the basic NH,OH ad-
sorbed layer on SiNW surface. Further increase of NH;
pressure to 0.5 Torr led to a smaller hole concentration
of 5 X 10™ cm~3 and a larger resistivity of 1000 Qcm.
We can regard this state of high resistivity as an intrin-
sic region, which corresponds to the point of minimum
carrier concentration in Figure 3a. As the NH; pressure
increased further to 2 Torr, a transition from highly in-
sulating p-type to lightly resistive n-type is clearly ob-
served in Figure 3b. This result can be explained as due
to a charge compensation phenomenon, as shown in
Figure 2, in which the electrons injected by NHs first

A‘“ﬁ%\@) VOL.4 = NO.6 = YUAN ET AL.
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Figure 4. Ips—Vps curves at different V; of the SINW FET at

NH; pressure of 20 Torr.

consume the existing holes in the SINW surface and
then become the majority carrier at high NH; pressure,
leading to the observed resistivity change in Figure 3.
From the Ips—V; data recorded at this conduction-type
changing stage, the electron concentration and resistiv-
ity of the n-type SiNWs were deduced to be 2 X 10"
cm 3 and 1.76 Qcm, respectively. In addition, high
n-type conductivity in SiINWs was observed (Figure 3a)
as the pressure increased further to 5 and 20 Torr, for
which the obtained resistivity values were, respectively,
0.003 and 0.001 Q0cm. The Ips—Vps and Ips— Vg curves
obtained at 20 Torr of NH; are shown in Figure 4, reveal-
ing that the Ips—Vps curves of the heavily doped n-type
SiNWs are highly nonlinear, but reproducible and inde-
pendent of V. The low resistivity (3 orders of magni-
tude smaller than that in lightly doped n-type SINW
samples) and V; independence demonstrate that high
electron concentration can also be created in SiNWs via
exposure to NHs at high pressure.

The formation of Schottky contacts between metal
electrodes and SiNWs leads to the nonlinear lps—Vps
curves, and it is known that the Schottky barrier may in-
fluence strongly the FET characteristics. In this work, be-
sides Au electrodes, we also fabricated and character-
ized SiINW-based FETs using source and drain electrodes
of different work functions, such as Ti/Au (90/10 nm)
and Ni/Au (90/10 nm). Nevertheless, for a specific elec-
trode material, although the Ips—Vps curves may show
poor linearity, the FETs demonstrate clearly different re-
sponses with p- and n-type channels to acidic and ba-
sic environments, respectively. The results show that it
is the response of SINW channels to ambient conditions
rather than the variations of work functions of elec-
trodes or Schottky barrier heights that determines the
corresponding conductance variation and final FET
characteristics in different ambient environments.

We next investigated the mechanisms of the p-type
dominant transport nature of low resistivity in SINWs
that are etched from a high-insulating Si wafer. A se-
ries of systematic experiments showed that p-type con-
ductivity was consistently observed in SiNWs etched
from intrinsic, p-type, or even n-type wafer irrespective
of surface orientation, as long as the SiNWs were
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H-terminated.> However, p-type conductivity would
disappear and return to the original high resistivity of
the mother Si wafer if SINWs were dehydrogenated or
oxidized to O-termination prior to device fabrication.
We found that the non-intentionally doped SiNWs
grown by oxide-assisted growth via thermal evapora-
tion of SiO powder® and terminated with hydrogen also
exhibited p-type conductivity. Thus, the hole-dominant
conductivity is present in all H-terminated SiNWs irre-
spective of their synthetic scheme. This is similar to the
p-type surface conductivity in diamond films,3°~3* and
ab initio calculations also indicate that H-termination
solely is a necessary condition for the p-type conduc-
tion in SiNWs. %

In this work, the SINWs are synthesized by etching
in diluted HF solutions. Miyazaki et al. have observed a
Fermi level position near midgap at the surface of
hydrogen-passivated Si surfaces independent of p-type
or n-type doping.*! On the basis of the annealing be-
havior of E points, they suggested a near surface deple-
tion layer caused by hydrogen passivation of dopants
during the wet chemical surface treatment as the likely
cause. However, we believe the formation of such a sur-
face depletion layer by hydrogen passivation plays a
less important role in our observations. First, the etched
intrinsic SINWs show either p- or n-type conduction de-
termined by the ambient chemistry, and second, if a
surface depletion layer is induced independent of dop-
ing, the conductivity of p-type SiNWs (etched from
p-type wafers) should decrease in the ambient air,
which is in contrast to our observations of an increased
conductivity in ref 39. Furthermore, our repeated ex-
periments also revealed that vacuum annealing at
150—250 °C for 30 min can convert the p-type conduc-
tion of SiNWs to its original highly insulating state. Full
reversibility of conductivity upon a complete cycle of
vacuum annealing and air exposure of SiNWs can be
preserved as long as the annealing temperature is lim-
ited to the range of 150—250 °C. A reasonable explana-
tion for the reversible removal of the p-type conduc-
tion in SiNWs is that the moisture layer is removed but
hydrogen termination of SiNWs remains intact upon
moderate vacuum thermal annealing.*> We suppose
that the wet layer due to the moisture water in air at
the SiNW surface provides an electrolyte, in which the
electron exchange between the SiNW and ambient oc-
curs, thereby leading to the conductive surface in insu-
lating SiNWs. Furthermore, the p-type conduction
rather than n-type is due to the weak acidic properties
of air, which yields a pH value of ~6 due to CO.,.

In the following, we use band diagrams of Si sur-
faces to explain the dependence of electrical transport
properties of SiNWs on the surrounding ambient envi-
ronment. The energy levels of Si are given in Figure 5
with respect to the vacuum reference, together with
those of H-terminated diamond for comparison. The
electron affinity (EA) of clean Si in vacuum is around
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4.05 eV*? and down-shifted to 4.17 eV after hydrogena-
tion.*? Since the band gap of Siis 1.12 eV,* the posi-
tion of the conduction band minimum (E¢), the Fermi
level (E), and the valence band maximum (Ey) of hydro-
genated SiNWs are placed at —4.17, —4.73 (in the
middle of the gap), and —5.29 eV, respectively.

A surface charge-transfer model via redox reactions
in the absorbed water surface-cover layer was proposed
by Maier et al.>° for the surface conduction of diamond,
which was then augmented by the oxygen redox
couple proposed by Foord et al.*' and Chakrapani et
al3?2 However, the models proposed for diamond thus
far cannot be applied directly to experimental observa-
tions of SiNWs reported here. For example, Chakrapani
et al.3? suggested that the electrochemical potential or
Fermi level (p.) of the surface wet layer in ambient air
can be determined by an oxygen redox couple reaction
0O, + 4H" + 4e~ = 2H,0, and the .. values are given
by Nernst equation and the maximum practical energy
range of the oxygen redox couple varies from —5.66 eV
at pH = 0 to —4.83 eV at pH = 14, as shown in Figure
5a. Therefore, E¢ (—4.73 eV) in Si is higher than the larg-
est e (—4.83 eV for pH = 14) in the proposed model
of Chakrapani et al.3? As a result, electrons could only
transfer from Si to the wet layer, leading to the electro-
chemical pinning of the Fermi level and only p-type
transport properties in SINWs, as shown in Figure 5b. It
is clear that the proposed oxygen redox couple reaction
is not consistent with our experimental results, which
showed that both p and n conduction in SiNWs is pos-
sible upon changing the pH values of the ambient en-
vironment. Maier et al.*° suggested another model, in
which .. is determined by the hydrogen redox reaction
2H;0 + 2e~ = H, + 2H,0. According to this model,
e is in the range from —4.61 eV at pH = 0 to —3.80
eV at pH = 14, as shown in Figure 5a. However, . is
—4.27 eV at pH = 6 for air, which is higher than the
Fermi level in SINWs. Accordingly, electrons would flow
from the surrounding ambient into SiNWs, and n-type
conduction of SiNWs would be induced, which also is at
variance with our experimental observations.

As shown in Figure 5, both of the above models
can explain the p-type only surface conductivity in
hydrogen-terminated diamond but cannot explain our
experimental conductivity results of SiNWs. We there-
fore propose a model that considers the redox reactions
involving both H, and O,. Since O, and H, coexist in
air, we propose that the .. value in ambient air is asso-
ciated with both the oxygen and the hydrogen redox
couples, and the . value at pH = 7 is determined by
the partial pressures of H, and O, in the aqueous layer.
On the basis of the experimental results, we suppose
that the . value should be aligned to the Fermi en-
ergy of SiINWs (—4.73 eV) at pH = 7, as shown in Fig-
ure 5a. Consequently, electrons would transfer from
SiNWs to the adsorbed layer at pH < 7 and vice versa
at pH > 7. It then follows that exposure of SINWs to
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Figure 5. (a) Schematic energy levels of hydrogenated SiNW surface
in contact with a wet layer in ambient air. (b,c) Band bending under
n- and p-type doping via electron-transfer process at the interface be-
tween the SiNW and the wet layer.

acidic ambient conditions with pH < 7 would lead to
an enhancement of p-type conduction, while exposure
to a basic ambient with pH > 7 would convert SiNWs to
n-type conduction, as shown in Figure 5b,c. Note that
our modified model can also account for the p-type sur-
face conductivity of hydrogen-terminated diamond.
Moreover, the current mechanism can similarly explain
the dramatic increase in electron carrier concentration
in n-type porous Si upon adsorption of ammonia,*® for
which no explanation has been given.

We advocate that the surface-transfer doping should
have a universal effect on the surface conductivity of
most materials in an appropriate surrounding ambient,
although it may become noticeable only in bulk mate-
rials that are highly insulating relative to the surface
conducting layer. Fox example, surface conductivity in
hydrogen-terminated diamond readily reveals the
surface-transfer doping effect because the surface con-
ductivity of diamond at room temperature is typically at
107°=10"* Q" cm™", which is some 13 orders higher
than the bulk conductivity of undoped diamond at
1078—=10""7 Q" cm~'3% Recent transport measure-
ments showed that the electronic conductivity in Si in
thin silicon-on-insulator (SOI) is primarily determined

\T\\&) VOL. 4 = NO.6 = YUAN ET AL.

not by the bulk dopants but by the interaction of sur-
face or interface electronic energy levels with the band
structure of the thin silicon template layer.** The “ex-
ceptional” conductivity in the nanoscale Si membranes
in SOI becomes noticeable because its value of
107°6=10"° Q" cm™ " is some 10 orders of magnitude
larger than that of the substrate SiO, at 107 6—10"
Q7 "ecm™ . It also explains why surface conductivity can-
not be observed in Si wafer because bulk Si conductiv-
ity is comparably high at 107°=107> Q" cm™". It has
been suggested that the surface-transfer doping effect
would extend to a layer of 30 nm below the surface of
diamond.® In light of the affected surface layer, we sup-
pose that any given bulk films or nanomaterials can be
described as a core—shell (or bulk-surface) composite
structure. Such a model arises from the fact that for the
nanosized materials a large fraction of the atoms/mol-
ecules resides on the surface or shell region where they
are exposed to a distinctly and fundamentally different
environment from the core. Therefore, the performance
of any nanodevices would depend critically on the fab-
rication procedures, environmental conditions/adsor-
bates, surface scattering, and surface trapping.

Clearly, the ability to control the surface properties
in nanostructures is crucial for the development of
nanostructure-based devices, in particular, in those
which involve a chemical environment (liquid or gas)
around the nanowires such as nanosensors for biologi-
cal or chemical species, lithium ion batteries, dye-
sensitized solar cells, and photoelectrochemical cells.
The surface-transfer doping effect affects not only the
electrical properties but also other materials properties,
in general, including electronic, optical, photonic, ther-
mal, thermoelectric, mechanical, catalytic, chemical,
biological, and biomedical sensing, etc. Since hydro-
gen termination plays an essential role in surface-
transfer doping of SiNWs, the stability of Si—H bond-
ing on SiNW surfaces is an important consideration for
practical applications. Previous experiments on anneal-
ing of high-surface-area porous silicon samples in an ul-
trahigh vacuum revealed that hydrogen from SiH and
SiH, species on H-terminated silicon surfaces formed by
HF treatment desorbed between 720—800 and
640—700 K, respectively,* suggesting reasonable ther-
mal stability of Si—H bonding. Nevertheless, it has also
been noted that H-terminated silicon surfaces were oxi-
dized gradually on exposure to air, especially in the
presence of water.*® Although H-terminated surfaces
of small-diameter SiNWs were shown to be chemically
more inert against oxidation than H-terminated silicon
wafer surface,® chemical stability of H-terminated SiNWs
remains a concern to be addressed.

CONCLUSION

In summary, we demonstrate a unique controllable
doping method, which can tune the electrical and
transport properties of SiINWs via simple chemi-
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adsorption, namely, surface-transfer doping.3°~3* SiNWs
prepared by etching an intrinsic Si wafer exhibit dis-
tinctly p-type transport properties in ambient air, which
are attributed to the weak acidic properties of normal
air. The light p-type conductivity of SiNWs in air could
be changed to metallic-like p-type via exposure to acid
vapor, such as weak acetic acid or strong nitric acid. Fur-
ther, the light p-type conduction of SiNWs could be
changed to intrinsic or high resistivity upon exposure

EXPERIMENTAL SECTION

SiNWs were synthesized by etching intrinsic a Si(111) wafer
using our metal-assisted etching method®?* (see also Support-
ing Information) and had diameters of 50—250 nm with an aver-
age of 150 nm. The intrinsic Si wafer had a resistivity of 1.4 X
10* Qcm, a bulk hole concentration of 9.3 X 10" cm ™3, and a
mobility of 470 cm?/(V - s). For the fabrication of single SINW
field-effect transistors (FETs), SINWs were collected from the
etched wafer and dispersed in alcohol. The resulting SiNW sus-
pension was spread on a SiO; (300 nm)/p*-Si wafer at a desired
density. Deposition of 100 nm Au via a shadow mask was per-
formed to pattern the electrodes on individual SINWs. The gate
voltage was applied to the p*-Si substrate in standard global
back-gate geometry.
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