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ABSTRACT: The fundamental properties of silicon nanowires (SINWs) are highly
dependent on dimension and surface states. Despite many studies of the surface
effects on the important properties of SINWs, the understanding of the interrelation
between surfaces and properties remains unclear. Herein we used SiNWs etched
from Si wafer as a paradigm to study the relationship of surface states and electrical
properties of SINWs. We showed that, besides hydrogen, SINW surfaces also consist
of adsorbed carbon species, water molecules, and surface defects (P}, center) with a
spin density of Cyin = 9.7 X 10"* mgfl. Our first-principle calculations revealed that
surface defects including Py, Py, and Py, similar to H-defect dangling bonds, can
provide acceptor levels to trap electrons, and account for the conversion of transport
properties from intrinsic to p-type conduction in SINWs. We further revealed that
SiNW with a diameter of tens to 100 nm would show obvious p-type conduction.
Additionally, our theoretical simulation showed that water molecule could increase
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p-type conduction by lowering the defect energy. Low-temperature I—V measurements showed the defect ionization energy in the

p-type SINW at 36.4 meV.

1. INTRODUCTION

Silicon has been central to numerous technological innova-
tions for decades and remains to be the irreplaceable key material
for electronic industry.' > Compared with thin film counter-
parts, nanodevices assembled from silicon nanowires (SiNWs)
of several to 100 nm in diameters could achieve enhanced per-
formance and new functions.* ® A great deal of effort has
been devoted to theoretical simulations of 1D Si nanostructures’
and their various applications, including field-effect transistors
(FETs),? lithium ion battery,”'® solar cell,"'** thermoelectric
device,"*"3 photodetectors,lé’17 and surface-enhanced Raman
scattering substrates."®"”

Owing to the large surface-to-volume ratio, the surface invariably
has a strong influence on the total characteristics of Si nano-
structures. As a consequence, adsorbents or attached molecules
with special function groups will affect the electrical property of
SiNWs via changing surface charges, which is the basis of high-
sensitivity gas, chemical, and biological detectors.”® The high
surface sensitivity, while beneficial for sensor applications, can
lead to difficulty in controllability and reproducibility in devices.
Therefore, it is of fundamental and technological importance to
understand the relationship of surface and transport properties of
SiNWs.*' "** To date, most studies on this topic are primarily
based on either experimental observations with limited under-
standing of physical origins™> or theoretical simulations of model
systems, which are either too simple or unrealistic.’**’ In this

v ACS Publications ©2011 american chemical Society

18453

study, we seek to understand the interconnection between the
surface defects and transport properties of SINWs by combining
both experimental investigations and theoretical simulations.

2. EXPERIMENTAL DETAILS

SINWs were fabricated via silver nanoparticles-assisted chem-
ical method (Supporting Information) developed by our
group.”®* Scanning electron microscopy (SEM, Philips XL
30 FEG), energy-dispersive X-ray spectroscopy (EDX), and
high-resolution transmission electron microscopy (HRTEM,
CM200 FEG, operating at 200 KV) were used to study the mor-
phology, crystal structure, and chemical composition of SINWs.
X-ray photoelectron spectroscopy (XPS) was performed on a
VG ESCALAB 3 spectrometer, using a monochromatic Al Ka
source (1486.6 eV) at a base pressure of <10~ Torr. For ESR
measurements, ~20 mg of SiNWs powder was filled into a
standard ESR quartz sample tube. The ESR system (Bruker
EMX-10/12) was operated at 9.75 GHz, with microwave mod-
ulation frequency of 100 kHz and modulation amplitude of 0.2 G.
For quantitative analysis, emery stone (g = 2.005) with a spin
density of 10'° was employed as reference standard. SINW FET
devices were fabricated (Supporting Information) and used to
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Figure 1. Typical XPS spectra of Si wafer and SINWs after brief immersion in diluted HF solution. (a) Survey spectra of Si wafer and SINWs.
(b) Chemical composition of Si wafer and SiNWs. (c) XPS spectra for Si2p peak. (d) Si2p spectra for SiNWs and Si wafer at higher resolution.

(e) Ols spectrum for SINWs at higher resolution.

study the transport properties and defect ionization energy of
SiNWs. The temperature-dependent electrical studies were
performed in the range of 300 to 85 K by using a home-built
setup equipped with an I—V measurement system (Keithley
4200-SCS, semiconductor characterization system) with auto-
matic cooling (Perfect lab).

3. RESULTS AND DISCUSSION

The reason for using silver-catalyzed etching rather than
another method (e.g, vapor—liquid—solid (VLS) or oxide-
assisted growth method (OAG)) to prepare SiNWs is based
on the following advantages of the etched SiNWs: (1) Both the
length and diameter of SiNWs can be readily tuned by adjusting
silver nanoparticles catalysts and etching duration.*® Such di-
mension control is helpful to fabrication of FET devices. (2) The
core of SINWSs maintains the crystalline structure and inherits the
well-defined electrical properties of the mother wafer. This
feature enables direct comparison of the transport properties of
SiNWs and the mother wafer, which facilitates the study of
surface state effects on transport properties.31

Similar to SiNWs obtained from OAG method,*>** the
surfaces of etched SiNWs after brief HF immersion are also
H-terminated.** The chemical composition of the etched SINWs
was investigated by XPS. As shown in the Figure la, the XPS
spectra of both Si wafer and SINWs consist of three peaks at 99,
285, and $32.5 eV due to Si, C, and O, respectively. The
determined atomic ratio is shown in Figure 1b. The carbon peak
due to surface contamination is invariably present in the XPS
spectrum of semiconductor nanostructures, and its nominal
influence can be left aside in this study.>*** The higher intensity
of the O peak from SiNWs than Si wafer is due to the large
surface-to-volume ratio of SINWs (Figure 1 of the Supporting
Information). The Si peak was scanned for higher spectral
intensity and resolution. Figure 1lc depicts the Si 2p spectra
obtained on SINWs and Si wafer. Both spectra consist of two
peaks at 99.3 and 99.86 eV, due to 2p,,, and 2p;,, states
respectively.*® However, the XPS spectrum of SiNWs shows a
weak, broad, and asymmetrical peak in the range of 101—107 eV,

which is not present in that of Si substrate. Such a peak can be
deconvoluted into three separate ones located at 103.0, 103.9,
and 105.3 eV, which can readily be assigned to the Si2p for Si(II),
Si(III), and Si(IV) bonded to a different number of oxygen
atoms, respectively.*”*® Note that the 10% oxygen content
derived from the XPS of SiNWs is substantially higher than the
oxygen bonded to Si as surface silicon oxide or suboxide, which is
typically <5%, so the excess oxygen is attributed to the adsorbed
H,O. Furthermore, the presence of water molecules was also
confirmed by the corresponding Ols study. As shown in
Figure le, the Ols spectrum can be deconvoluted into two
peaks, one of which is due to oxygen from the oxide and the other
from water molecules.

Point defects are expected to exist in SINWSs due to the rough
surface and the presence of oxygen. We performed ESR mea-
surements to investigate the defects in the as-etched SiNWs
(Figure 2a). The ESR spectra measured at S mW and above show
a strong resonance at a magnetic field of 3474.8 G with a line
width of 12 G and a corresponding g factor of 2.00518.*
According to the literature, such an electron spin resonance
defect is commonly referred to as the Py, center, which arises from
the inherent mismatch between Si and SiO, lattices.*® This
defect, or more precisely nonbonded dangling bond, may exist
in slightly different forms, depending on Si interface orientations.
Previous works established that there is only one defect form on
both (111) and (110) Si wafers, which is designated as eSi=Si,.
However, there are two types of Py, centers on the (100) Si wafer:
Pio and Py;.*' Because the SINWs used in this study is relatively
rough (Figure 2 of the Supporting Information), exposing many
of the crystallographic facets, consequently any form of P,
centers discussed above may exist on the SiNWs surface
(Figure 2c). Although it is impossible to determine accurately
the individual percentage, the overall spin density of Py, centers
(Cspin) can be calculated from the ESR line by double integration
of the experimental curve and by comparison with the ESR line of
emery stone (Figure 2b). For the etched SINWSs, an overall spin
concentration of Cypin = 9.7 X 102 mg71 was obtained, which is
nearly 1/66 of Cyyin = 6.5 X 10" rng_1 in SiNWs fabricated via
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Figure 2. (a) Room-temperature ESR spectra of SINWs powder obtained at different powers: (a) 20, (b) 10, (c) S, (d) 1, and (e) 0.2 mW. (b) ESR
spectra of both etched SiNWs and emery stone. (c) Schematical illustration of different kinds of Pj, centers on SiNWs surface.
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Figure 3. (a) Schematic illustration of electronic structure of SINWs with an H-defect dangling bond. (b) Defect level energy for SINWs with different
growth orientations and cross sections. Inset are top views of [110] SINW with a triangle cross section (upper) and [100] SiNW with a square cross
section (lower). (c—f) Defects on [110] oriented SINW facets. Side views of (c) H-defect dangling bond, (d) Py,-center on (111) facet, (e) Py, on (100)

facet, and (f) P,; on (100) facet.

OAG method.* Such a difference in spin density may result from

different synthetic mechanisms.

Recent theoretical studies showed that surface dangling bonds
(SDBs) behaved as charge trap centers and could asymmetrically

18455

deactivate n- or p-type doping in Si and Ge nanostructures.*>**

Comparison of the defect levels of SDBs and Au impurities in the
Si shell suggested that SDB defects are responsible for the hole
concentration in Ge/Si core—shell nanowires.*> We similarly

dx.doi.org/10.1021/jp205171j |J. Phys. Chem. C 2011, 115, 1845318458
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Figure 4. (a) Geometry of SINW with an adsorbed water molecule. (b) Band structure for part a. (c) ESR spectra of SINWs thermally oxidized at
different temperatures for 1 h; inset is corresponding ESR intensity versus thermal treatment temperature. (d) Ia;— Vg plots of SINW at different V. The
insets show a logarithmic plot of the transfer characteristics at Vg;= —0.3 V (upper) and an SEM image of a single-SiNW FET (lower). (e) Carrier

concentration and mobility of the SINW versus oxidation temperature.

examined the influence of P, centers on the electronic structure
of the etched SiNWs by density functional theory (DFT)
calculation (Supporting Information) to investigate defect-in-
duced conductivity and physics of SINWs surfaces etched from Si
wafer. Because of the diversity of Py, centers, it is difficult to
accommodate all possible surface defects on a small-diameter
SiNW surface. Therefore, the surface defect was substituted with
hydrogen-defect dangling bond, formed by removing hydrogen
atom from the hydrogen-terminated SiNW surface. This simpli-
fication is justified by the structural similarity between the
H-defect dangling bond and Py, Py, and Py,;. The defect level
comparison in the following paragraph indeed supports this
practice. Simulation results showed that the defect level (Eg) in
asquare [100] SINW with a diameter of 16 A is 0.86 eV above the
valence band maximum (VBM) and 1.13 eV (E,) below the
conduction band minimum (CBM). The defect energies imply
that it is easier for electrons to be drawn from VBM than to be
released into CBM, and thus dangling bonds would produce
holes and render SiNWs p-type conducting. Furthermore, defect
levels in [100] square, [110] square, and triangle SiINWs are
observed to decrease with increasing diameter (Figure 3b).
Understandably, as SINW diameter increases, the defect level
will move increasingly closer to the VBM, whereas the band gap
will approach the bulk value of 1.1 eV. Consequently, Eq < E, is
expected for SINW with a diameter of tens to 100 nm, which will
thus show obvious p-type electrical conduction.

Next, we examined SiNW with different kinds of defects
including H-defect dangling bond, Py, Py, and Py,;. For straight-
forward comparison, the SiNWs were all [110] oriented and
enclosed by (111) and (100) facets (Figure 3c—f). The E4/E, are
calculated to be 0.95/1.30, 0.88/1.04, 1.11/1.27, and 0.89/1.23

184

eV for H-defect dangling bond, Py, Py, and Py, respectively.
Because E4/E, is <1, energy consideration thus suggests that all
forms of Py, centers would lead to p-type conduction character-
istics. Furthermore, when the diameter of SINW increased from
0.95 to 1.59 nm, the defect level decreased from 0.97 to 0.65 eV
for H-defect dangling bond and from 0.88 to 0.64 eV for P,
center, suggesting that for SINWs with a larger diameter, the
influence of Py, center and H-defect on conductivity is compar-
able. The theoretical analysis indeed showed that surface
defects (Py, center) induced p-type doping of etched SiNWs.
The theoretical results are also in agreement with our pre-
vious experimental observations that intrinsic SINW with only
P, centers showed obvious p-type conduction behavior in
vacuum.”*

Because water molecules readily adsorb on the SINWs surface
we also considered their influence on the electrical property of
SiNW. Figure 4a depicts a typical SINW with an H-defect
dangling bond and an adsorbed water molecule: One H atom
of H,O points directly at the H-defect dangling bond, and the
distance between the Si (with the dangling bond) and H atom is
2.67 A. E4 is at 0.76 eV for adsorbed water, which is 0.12 eV
smaller than that without H,O adsorption. Apparently, this
decrease in defect energy due to water adsorption on surface
defect would lead to increased p-type conductivity. This observa-
tion is totally different from the case when NH; molecule
absorbed on the dangling bond, which induced n-type conduc-
tion behavior.*> Note that the defect energy variation due to
adsorbed H,O is highly dependent on the distance between the
surface defect and H,O, with the defect energy decreasing less
with increasing distance (results not shown).

56 dx.doi.org/10.1021/jp205171j |J. Phys. Chem. C 2011, 115, 18453-18458
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Figure 5. I—V curves of SINWs measured at a series of temperature: 293,273,253, 233,213, 193, 173, 153, 133, 113, 93, and 85 K; inset is a typical SEM
image of the SINW FET. (b) Temperature dependence of hole concentration on reciprocal temperature. Inset is the distribution of the ionization energy

for 10 SiNWs.

We investigated the enhancement effect of p-type conduction
by adsorbed water molecules by analyzing the transport proper-
ties of SINWs after thermal treatment. Figure 3 of the Supporting
Information plots the oxygen content versus thermal treatment.
Basically, the oxygen content increased with increasing tempera-
ture from 300 to 1200 °C. The corresponding ESR analysis
revealed that spin density increased at first when SINWs were
oxidized at 300 and 500 °C but began to decrease at higher
temperatures. The origin of the defect variation is unclear.
Transport study showed that the SINW without thermal treat-
ment showed obvious p-type conduction behavior.*® The hole
concentration and mobility were calculated to be 1.35 x
10" cm ™ and 4.18 cm/V ™ 's ™, respectively. (See Supporting
Information.) After SiINW was oxidized at 300, 500, 800,
and 1100 °C, its hole concentration decreased, respectively,
to (9.54, 8.8, 3.1, and 1.9) x 10" cm ™. The decrease in carrier
concentration is understandable considering the weakened in-
fluence of the adsorbed H,O. Because of water adsorption on Py,
centers, the hole concentration of the etched SINW without
thermal treatment contains the contribution from both P, center
and water molecule. Upon thermal treatment of SINW, although
the density of Py, center increased a little bit, which would increase
hole concentration, the formation of a thin Si dioxide layer failed to
lower the defect level due to increase in distance between the silicon
core and water molecule, which therefore caused reduced hole
concentration. (For more information on the defect level of SINWs
with a water molecule on Py, center, please refer to the Supporting
Information.) However, the mobility variation in SINWSs remains
unclear and needs further investigation.*’

The above analysis shows that surface defects indeed form an
acceptor level that lies above the valence band and traps
electrons. It suggests that the holes generated within SiNWs
are due to thermal activation of the defects. The defects can be
further verified by temperature-dependent I—V measurements.
Figure Sa shows that the electrical conduction of an individual
SiNW decreases with decreasing temperature, consistent with
defects-induced conductivity.

Another evidence of the thermal activation mechanism rather
than electron-drawing mechanism for p-type conduction is the
low energy required to supply the hole from the shallow acceptor
level (Eaccepmr) into valence band (Eyjence), which is commonly
referred to as defect ionization energy or activation energy (E)

18457

in semiconductors. Because etched SINWs exhibit p-type conduc-
tion, the temperature dependency of hole concentration is given by

1/2
N, an <_El) (1)
= e
where N, is the concentration of acceptors formed by P, centers, N,
is the effective density of states for the valence band, g4 is the
degeneracy factor, T is temperature, and k;, is the Boltzmann

constant (1.38 x 10> JK ).
Taking the logarithm yields

by (NN —E, (oo
8P 5% T ky x 1000 x 23) T

To extract the ionization energy of the acceptor in the wire, we
plotted Ig p versus the reciprocal T. Figure S shows that fitting the
curve into a linear line yields a slope of —0.184. As the slope is
equal to Ej/k, X 1000 X 2.3, E; is calculated to be 36.4
meV.**  Measurements of over 10 SiNWs (inset of
Figure Sb) showed that the majority of activation energies
lie in the range of 20—60 meV. Such activation energy is close
to the impurity ionization energy of silicon doped with boron
(0.045 V) or aluminum (0.06 eV). The defect ionization
energy is comparable to the thermal energy k,T (0.026 eV),
suggesting that even at room temperature the acceptor level
due to surface defects (P, center) can provide a very high hole
concentration via thermal activation mechanism.”*

To summarize, we have systematically studied the surface
states and electronic structure of SiNWs fabricated by the
chemical etching method. In addition to hydrogen, the etched
SiNW surface consisted of adsorbed water molecules and surface
defects (P, center), as revealed by XPS and ESR measurements.
The g value for the P, center is at 2.00518, and the spin
concentration is Cyyn = 9.7 X 10"? mgfl. DFT calculations
showed that H-defect dangling bonds and surface defects of Py,
Pyo, and Py, could induce p-type doping of SINW by trapping
electrons, and SiNWs with tens to 100 nm diameters would
exhibit p-type conductivity. Calculation showed that water
adsorbed on surface defects can also enhance p-type conduction.
Low-temperature I—V measurement revealed defect ionization
energy of SINW at 36.4 meV. The totality of our data confirmed

dx.doi.org/10.1021/jp205171j |J. Phys. Chem. C 2011, 115, 18453-18458
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the dominant role that surface defects (P, centers) played in
determining the electrical properties of SINWs.
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