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Electronic structure of silicon nanowires: A photoemission and x-ray absorption study
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Photoemission and x-ray absorption spectroscopy have been used to study silicon nanowires prepared by a
laser ablation technique together with Si~100! and porous silicon. Si 2p and valence-band spectra show that the
Si nanowires are essentially crystalline Si encapsulated by silicon oxide. HF etching removes the surface oxide
but leaves the morphology intact. SiK-edge x-ray absorption near-edge structures show that the characteristic
Si K-edge whiteline doublet in Si~100! smears out in the nanowires and blurs entirely in porous silicon and that
the whiteline exhibits a small blueshift. This observation indicate a progressive degradation in long-range order
going from bulk Si to nanowires to porous Si and a wider band gap for a fraction of the nanowires. The
extended x-ray absorption fine structures show that despite an increased disorder relative to bulk Si, Si
nanowire remains essentially crystalline, in good accord with recent transmission electron microscopy and
x-ray powder diffraction studies.
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I. INTRODUCTION

The electronic structure of silicon in unusually dime
sions~surface, interface, quantum wires, quantum dots, e!
is of considerable interest both fundamentally and tech
logically. The study of nanostructure silicon in particular h
been an area of intense interest in recent years.1–11 This is
partly because nanosize materials are likely to exhibit e
tronic structure different from the bulk due to a combin
effect of surface, interface, and quantum confinement,
partly because of the increasing demand in application
nanoscaled silicon in many advanced technologies.

The advancement in nanostructure studies is due lar
to the advancement in the preparation methodology of
materials as well as the use of advanced characterization
computational techniques. Compared to the study of car
nanotubes, the study of Si nanowires has been hampere
the lack of bulk quantity of nanowire and hence has be
limited to the study of porous silicon~PS!.6,7 PS is a spon-
gelike interconnecting Si wire network with pillars and no
ules of nanometer dimensions. Its study drew enormous
tention since it was found that PS emits intense visi
luminescence at room temperature.6

A recently reported preparation of silicon nanowires1,2,4

has greatly changed the scope of Si nanowire research.
preparation of bulk quantities of silicon wires using a las
ablation technique at high temperature makes it possibl
study these materials in some details.1,3,4,6,7 It has been
shown that this method produces a distribution of fiberl
free-standing wires having diameters varying from 3 to;40
nm with lengths up to a few hundred microns and that silic
oxides play a crucial role in the synthesis. Transmission e
tron microscopy~TEM! and x-ray powder diffraction~XRD!
PRB 610163-1829/2000/61~12!/8298~8!/$15.00
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show that these wires are essentially crystalline Si with m
defects and they are always encapsulated with a thin laye
silicon oxides.1,3,4Nanoparticles of Si chains linked by amo
phous Si oxide are sometimes found coexisting with
wires.4 The Si nanowires thus prepared generally exh
photoluminescence somewhat similar to those of por
silicon.5

Despite considerable morphology and structural stud
information on the electronic structure of these materials
relatively lacking. In this paper we report on a photoemiss
spectroscopy~PES! and x-ray absorption fine-structure
~XAFS! study of Si nanowires prepared by the laser ablat
method as well as ap type Si~100! wafer and a porous sili-
con sample prepared from ap-type Si~100! wafer ~;10
V cm!. PES probes the electronic environment of the atom
site ~core levels! and the occupied densities of state~valence
band! below the Fermi level while XAFS probes the uno
cupied densities of states in the conduction band and
extended local structure~several shells! of Si in the nanow-
ire.

By studying bulk Si~100!, silicon nanowires, and porou
silicon with PES and XAFS, we can address seve
structure-electronic properties issues such as the densitie
states below and above the Fermi level and the band
PES, in the single-particle picture, reveals the chemical s
of the element in its core-level spectra and the electron d
sities of states~DOS! in its valence-band. XAFS measure
the modulation of the absorption coefficient above an
sorption edge. It is conveniently divided into the x-ray a
sorption near-edge structures~XANES! region, the first
40–50 eV above the edge, and the extended x-ray absorp
fine-structures~EXAFS! region that extends to as much a
1000 eV above the edge. Si~100! and porous silicon are the
8298 ©2000 The American Physical Society
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PRB 61 8299ELECTRONIC STRUCTURE OF SILICON NANOWIRES . . .
two extreme cases in crystalline dimensionality for cryst
line Si with the former having very-long-range order wh
the latter having crystalline pillars and nodules as small a
nanometer.7 The Si nanowires studied here are strucutra
somewhere between bulk silicon and porous silicon. T
the effect in dimensionality and degree of disorder on
electronic structure can be revealed from the densities
states, both below and above the Fermi level~probed by PES
and XANES, respectively!, and the local structure of Si at
oms in the nanowires~probed by EXAFS!.9,10

II. EXPERIMENTAL

Si nanowires were prepared by a laser ablation techn
as described previously.1,3,4 The system consists of a quar
tube placed inside a furnace and an excimer laser capab
delivering pulses~34 ns! energies of 400 mJ at 248 nm at
frequency of 10 Hz. A target and a water-cooled copper
ger were placed inside the quartz tube. Si nanowires w
produced by laser ablation of a target of Si and SiO2 mixture.
A carrying gas of Ar with 5% H2 was used during the pro
cess@;300 torr and 50 sccm~standard cubic centimeter pe
minute!#. The resulting Si nanowires~henceforth denoted S
nw! were collected on the wall of the quartz tube dow
stream where the temperature was;930 °C. The Si nano-
wires thus produced appear as a brown spongelike
which contains primarily long nanowire Si chains. Som
times a small amount of chains of Si nanoparticles linked
amorphous oxide is also found.4 A specimen of predominan
Si nw with diamters mainly within 20–30 nm was chosen
this investigation. TEM, SEM, XRD, and Raman techniqu
had been used to reveal the morphology and structure.1,3,4

Figure 1~a! shows a TEM micrograph of the specime
Figure 1~b! shows more detailed morphology of a Si nan
wire in high resolution. It can be clearly seen that a nanow
Si chain is;25–30 nm in diameter and is coated with se
eral nm of silicon oxide. Crystal defects are also evident
we leave out the oxide layer, the actual diameter of the
oxidized wire is in the range of 18–23 nm. This is;3/4 of
the nominal diameter. This is, however, considerably lar
than the nanopillars and nodules in PS responsible for lu
nescence. For intense luminescence in the visible, the q
tum confinement theory requires that the size of the Si na
structure be less than 5 nm.7 It is conceivable that there exis
smaller grains of Si nanocrystallites in Si nw responsible
the observed luminescence.

PES measurements were performed in a vacuum gen
tor ~VG! surface analysis system, ESCALAB 2200-iXL.
monochromatic AlKa x-ray source~1486.6 eV! and a
150-nm hemispherical electron-energy analyzer were u
At 10-eV pass energy, the overall experimental resolut
with a 250-mm spot size is;0.45 eV. The nanowire spec
men was a piece of a compressed brown spongelike we
;3 mm across and;2-mm nominal thickness. It wa
mounted onto a Mo substrate with a conducting silver pa
The as-prepared specimen was first examined without
chemical treatment. It was subsequently etched with a
solution to remove the surface oxide. Both TEM and SE
showed that after the HF treatment, the morphology of
-
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nanowires remain essentially intact except for the remova
the surface oxide layer. This procedure sometimes lead
dissolution and fragmentation of the specimen. Ap-type
Si~100! wafer and a porous silicon~PS! sample were also
examined under similar conditions. The PS specimen w
prepared electrochemically using ap-type Si~100! wafer at a
current density of 20 mA/cm2 for 20 min. Since both PS and
Si nw charged up significantly during the PES measurem
an electron flood gun was used to compensate the effec
charging. Overcompensation may sometimes occur. Th
situations will be discussed below.

XAFS measurements at the SiK edge~;1840 eV! were
carried out at the double-crystal monochromator beamline
the Canadian Synchrotron Radiation Facility~CSRF! located
at the Synchrotron Radiation Center~SRC!, University of
Wisconsin–Madison. InSb~111! were used as monochro
mator crystals. In addition to the Si nanowire, Si~100! wafer,
and porous silicon, a quartz sample~crystalline SiO2) was
also studied. SRC operates at 800 MeV with a current of 2
mA at injection. Both total electron yield~TEY! and fluores-
cence yield~FLY! were used to obtain the absorption spe
tra. The incident photon fluxI 0 was monitored with an in-
line N2 ionization chamber. The TEY was monitored wi

FIG. 1. ~a! TEM image of Si nanowires prepared by laser ab
tion ~upper panel!. ~b! A closeup image of a Si nanowire showin
oxide encapsulation~lower panel!.
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8300 PRB 61ZHANG, LIAO, CHAN, LEE, SAMMYNAIKEN, AND SHAM
the specimen drained current normalized toI 0 . FLY was
collected with a channel-plate detector positioned at 90° w
respect to the incident light. Due to the short attenuat
length for inelastic scattering of the low-energy photoel
trons in the solid relative to that of the fluorescence photo
TEY enhances the signal from the surface and the n
surface region~5–10 nm! of the specimen while FLY probe
the bulk ~50–100 nm!. Thus the combined use of TEY an
FLY provides some selectivity11 in measuring the electroni
structure of different regions~depth! of the specimen.

III. RESULTS AND DISCUSSION

A. PES: Si core-level spectra

Figure 2 shows the Si 2p and 2s core-level spectra o
Si~100!, Si nanowires, and porous silicon recorded at 20-
pass energy. Since charging is a problem with Si nanow
and porous silicon, all the Si 2p3/2 levels have been aligne
to the Si 2p3/2 peak of Si~100! at 99.7 eV. Thus chemica
shift is not always a viable option for these systems in P
measurements. Both Si~100! @Fig. 2~a!# and PS@Fig. 2~e!#
were etched with HF prior to their introduction into the e
perimental chamber. This procedure removes the native
face oxide and passivates the surface with hydrogen. Fig
2~d! corresponds to the oxide-encapsulated Si nanow
specimen, Si nw, while Figs. 2~c! and 2~b! correspond to the
HF-etched Si nw~HF! with and without the use of ane-flood
gun.

Several features are immediately apparent from Fig
First, all spectra exhibit equally spaced satellite structure

FIG. 2. Si 2p and 2s XPS spectra for the specimens:~a! HF-
etched Si~100!, ~b! Si nw ~HF, no flood gun!, ~c! Si nw ~HF, flood
gun!, ~d! Si oxide-encapsulated Si nw~flood gun!, ~e! porous silicon
~flood gun!. All spectra have been aligned to the Si 2p3/2 of Si~100!.
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the higher binding-energy side~17.5 eV! of the main core
peaks. These features are the bulk plasmons12,13 characteris-
tic of Si excited by the photoelectrons through an inelas
energy-loss process. Surface plasmons which are expect
;12 eV above the main peaks for a clean Si surface are
evident. This is because the surface are all chemically m
fied. It is well established that surface reaction quenches
surface-plasmon signal.14 The presence of bulk plasmons im
mediately indicates that all the materials in question are
sentially elemental silicon although there is some broaden
in Si nw and a significant broadening in PS. Second, in the
2s and 2p region of the Si nw spectrum, there is an inten
peak at;4 eV above the main peak. It has been establis
that surface Si can be oxidized by electronegative elem
through several oxidation states~1–4! and the binding en-
ergy increase associated with unit increase in oxidation s
is ;1 eV.15 Thus the peak at;4 eV above Si is attributed to
SiO2. The broadening of both the Si and SiO2 peaks are
indicative of the presence of suboxides SiOx (x,2).15 Third,
the more interesting features are seen in the spectra o
HF-etched Si nw. The spectrum@Fig. 2~b!# exhibits a shoul-
der at the higher binding-energy side of the main peak
shifts to the lower binding-energy side of the main pe
when an electron flood gun was used to compensate ch
ing. These features suggest the presence of poorly cond
ing Si nw fragments and will be further examined below.

Figure 3 compares the Si 2p spectra recorded usin
10-eV pass energy. The Si~100! spectrum shows a well
resolved Si 2p3/2,1/2 doublet at 99.7 and 100.3 eV, respe
tively. There is a barely visible peak at;102.5 eV. It can be
attribute to the presence of a small amount of surface Sx

FIG. 3. Si 2p XPS of ~a! porous silicon,~b! Si~100!, ~! Si nw
~HF!, and ~d! Si nw ~ambient, oxide encapsulated!. In ~c! and ~d!
spectra with and without ane-flood gun were shown.
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PRB 61 8301ELECTRONIC STRUCTURE OF SILICON NANOWIRES . . .
and SiFx ~12 and 13 oxidation state!. The presence of a
small amount of O and F was confirmed in a wide ene
scan of the O and F 1s region. The porous silicon specime
shows a broad Si peak at;99 eV and a small amount o
surface SiO2 at ;103.7 eV. The problem with nanoscale
appears to be that due to their small size and the presen
a large surface area which is susceptible to oxidation, a f
tion of the wires are in poor contact with each other and w
the substrate, and therefore become nonconducting. Sinc
wires and/or nanostructures in the PS network have a di
bution in size and some are not in good electrical con
with the network, differential charging will result in a shift t
higher binding energy and a significant broadening in its c
level. When ane-gun is applied, however, overcompensati
will result in a shift to lower binding energy. Thus the sh
of Si 2p in PS to an unusually low binding energy relative
that of Si~100! and the associated distortion can be attribu
to charge overcompensation. The charging problem in
oxide-encapsulated Si wire is also severe. We see from
3~d! that the oxide-encapsulated Si nw exhibits a broad S2
peak at;4 eV above the Si peak. Without charge compe
sation, the entire spectrum charges up by;5 eV. However,
when HF removes the surface oxide of the Si nw, the ox
peak disappears and charging is dramatically reduced.

We now return to another interesting feature in the spe
of the HF-etched Si nw@Fig. 3~c!#. There are two sets o
doublets and one appears as a shoulder to the main at h
binding energy~marked with vertical bars! when the flood
gun was not used. However, when the flood gun was use~at
;0 V!, the shoulder shifts to the lower binding-energy si
of the main. In addition, when the voltage on the flood g
was increased to20.5 and21 V, the less intense double
shifts to lower binding energy accordingly while the ma
peak moves little. This observation indicates that the sho
der corresponds to nanowire fragments and/or nanocry
lites electrically detached to the sponge framework dur
HF etching. The possibility of associating this with rema
ing Si oxide can be ruled out based on its narrow linewi
~oxides always exhibit considerably broader lines!.

In Fig. 4, we aligned and normalized the Si 2p and 2s
peak of the Si nw with those of Si~100! and then obtained the
Si nw–Si~100! difference curve. It is perhaps surprising
see that these fragments exhibit a slightly smaller plasm
frequency~;16.5–16.8 eV!. We believe that these observ
tions are qualitative indicative despite a large uncertai
~0.5 eV! in the position of the satellites in the differenc
spectrum.

We want to explore qualitatively the implication of th
observation if it can be confirmed. The question is whet
or not it is possible for a material in a nanowire and
nanocrystallite to exhibit a plasmon frequency that is sma
than that of the bulk. Plasmon oscillation arises from
collective motion of the nearly free electrons in metals a
semiconductors.12,13 Its frequencyvp can be expressed as

vp5~4pNe2/em* !1/2, ~1!

whereN is the density of electron charge per unit volumee
is the electron charge,e is the dielectric constant, andm* is
the effective mass. Two-dimensional~surface! plasmon can
also exist. Its frequencyvs is related to the bulk plasmon b
y
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vs5vp /(2)1/2. It should be cautioned that these equatio
apply to bulk systems and provide a starting point for d
cussion; the difference between surface- and bulk-plasm
frequencies is influenced by dimensionality effects. For
ample, Sassakiet al.16 reported that the plasmon frequenc
in porous silicon behaves more likevp /(3)1/2 than vp /
(2)1/2. In the samples reported here, surface plasmon
quenched by surface oxide and/or surface hydride. Altho
the plasmon frequency generally take on a dispersion r
tionship withq ~lattice vector! in low-dimension systems, the
Si nanowires under investigation are mostly still of ‘‘bulk
character. From Eq.~1! we see that a decrease in the plasm
frequency corresponds to a drop in (4pNe2/em* )1/2. The
terms that will likely change are the effective mass and
dielectric constant.17,18 It has been shown that the dielectr
constant of Si nanowire is larger than that of the bulk wh
the effective mass gets smaller than that of the bulk.7,17,18N
may also become smaller as the fraction of electronega
oxygen atoms at the interface increase with decreasing d
eter. It is plausible that a smaller plasmon frequency m
exist in very small Si nanowire fragments, although mo
work is needed to substantiate this notion.

B. Valence-band spectra

Figure 5 shows the valence-band spectra for the H
etched Si nanowires, Si~100!, and porous silicon. The

FIG. 4. Compariosn of the Si2s and 2p regions of the HF-
etched Si~100! and Si nw. The difference curve shows the spectr
of the poor conducting fragments.
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8302 PRB 61ZHANG, LIAO, CHAN, LEE, SAMMYNAIKEN, AND SHAM
Si~100! spectrum shows a three-peak pattern characterist
the densities of states of thes-p bands of silicon. Two
nanowire samples were used in the measurement. The u
curve @Fig. 5~c!# was obtained from the same Si nw samp
used to record Figs. 2 and 3 which indicate the presence
small fraction of nanowire fragments in poor contact with t
substrate. These wire fragments cause some broadening
a shift of the top of the valence band toward the Fermi lev
as was the case in the Si 2p spectrum@Fig. 3~c!#. The maxi-
mum of the valence band remains more or less unchan
however. The lower curve@Fig. 5~b!# was obtained from an
other HF-etched Si nw sample that did not show detac
nonconducting Si nw in its core-level spectrum. It al
charges up bute2-gun compensation causes no distortio
Thus the spectrum represents that of a Si nw without a
face oxide layer. The valence-band spectra observed in th
nw spectra are similar to that of Si~100! except for a notice-
able broadening. This broadening is attributed to chem
inhomogeneity due to a distribution of wires of differe
sizes, and disorder resulting from surface- and/or interfa
induced stress and lattice distortion. The porous silic
vance band~VB! broadens further, due to the distribution
smaller interconnecting nanowires in a large network eac
which exhibits a slightly different chemical environment a
charging properties. It also shows some residue surface o
signal between 15–20-eV binding energy. This observa
is consistent with the broadening seen in the 2p core-level
spectra@Fig. 3~a!#. Thus the valence-band results confir
that the Si nanowires are crystalline Si, albeit with consid
able disorder.

C. Si K-edge x-ray absorption fine structures„XAFS…

Si K-edge XAFS arises form the excitation of a Si 1s
electron into previously unoccupied states ofp character in
the conduction band. In the near-edge region the spe
features correspond to the dipole excitation of the core e

FIG. 5. Valence-band spectra of HF-etched specimens:~a!
Si~100!, ~b!, and~c! Si nw, and~d! porous silicon. Spectrum~c! was
recorded with the same specimen that gave Fig. 3~c!. The slightly
sharper spectrum~b! was obtained from another specimen where
poorly conducting fragment was observed.
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tron to the bound and quasibound states, and are assoc
with the structure and bonding environment of the absorb
atom. At higher energy above the edge, the absorption c
ficient often exhibits oscillations resulting from the interfe
ence of the outgoing and the backscattered photoelect
Since XAFS measures the photon energy of a transition,
the kinetic energy of electrons, charging is not a proble
Thus chemical shift can be measured either in terms of
edge jump threshold energy or the energy position of the
resonance~excitation to the localized unoccupied densities
states just above the Fermi level, sometimes known as wh
line!.

1. Si K-edge XANES

Figure 6 shows the SiK-edge XANES for Si nw, Si nw
~HF etched!, Si~100!, PS ~HF etched!, PS ~oxidized in the
ambient!, and SiO2 ~quartz! recorded in TEY. All spectra are
normalized to an edge jump of unity except that of the Si
~HF! which was downscaled~80%! for clarity. The edge
jump region was expanded in the inset. Since TEY is se
tive to the surface and the near-surface region of the sp
men, surface oxide has a noticeable contribution to the t
signal. Several features from Fig. 6 concerning the amb
Si nw and porous silicon are discussed below in some de

First, the Si~100! spectrum exhibits an intense absorpti
peak at the edge~whiteline! followed by a small surface
oxide peak at 1847.5 eV, which corresponds to the resona
at the edge-jump onset of SiO2. It should be noted that the
native oxide on Si surface is amorphous SiO2. It exhibits the
same XANES as quartz except that the fine structures

FIG. 6. TEY Si K-edge XANES for Si nw and Si nw~HF!
~ambient and HF etched!, Si~100!, porous silicon~ambient and HF
etched!, an SiO2 ~quartz! normalized to unity edge jump. The edg
region was expanded in the inset. The vertical arrows mark the
jump for the Si and SiO2 component of Si nw~ambient!.
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PRB 61 8303ELECTRONIC STRUCTURE OF SILICON NANOWIRES . . .
tween 1847.5 and 1866 eV seen in quartz are smoothed
The intensity of this oxide peak can be used to monitor se
quantitatively the thickness of the surface oxide. For Si~100!,
the oxide peak disappears after HF etching. Close exam
tion reveals that the Si~100! whiteline is a doublet~Fig. 6
inset!. This doublet is a band-structure feature and is ass
ated with long-range order in the Si crystal.9,10,19

Second, the Si nw XANES exhibits both Si and SiO2 edge
with resonances similar to those of ambient Si~100!, except
that the SiO2 peak intensity increases significantly due to
larger surface area and a large surface Si~oxide! atom to
bulk ~wire! Si atom ratio@Fig. 1~b!#. The increase in inten
sity of the oxide resonance becomes more dramatic in po
silicon aged in the ambient atmosphere, PS~ox!, where sur-
face oxide thickness increases further. Some suboxide
nals between the Si and the SiO2 edge are also evident. H
testament removes the surface oxide~disappearance of th
peak at 1847 eV!. Returning to the Si nw TEY spectrum,
measure of the relative edge jump at 1844 and 1860 eV
Si and SiO2, respectively, shows that the as-measu
SiO2/Si ratio is;2/5, large in comparison with the 1/4–1/
ratio expected from Fig. 1. The apparent discrepancy is
pected since TEY is more sensitive to the surface oxide t
the encapsulated Si. The ratio becomes;4/1 in the TEY of
the oxidized PS. The oxide peak vanishes when the ox
was removed with HF as seen in the PS~HF! and Si nw~HF!
spectrum.

Third, the most interesting comparison is seen in the e
jump region where the well-defined doublet observed in
Si~100! whiteline flattens out in both ambient and HF-etch
Si nw and totally blurs into a signal peak in porous silic
~Fig. 6, inset!. This observation indicates that there is alrea
a noticeable degradation in long-range order in Si nw due
its nanodiameter and surface effect associated lattice di
tion and defects. It becomes more severe in porous sili
where the doublet blurs entirely. As reported previously,7,9,10

the PS XANES shows a blueshift in both the edge ju
~point of inflection of the edge! and the position of the white
line relative to Si~100!. The blueshift has been attributed
the widening of the band gap in nm porous silicon cryst
lites due to quantum confinement. No noticeable edge sh
observed in the Si nw~before and after HF treatment!, al-
though the centroid of the whiteline in the Si nw XANE
exhibits a small blueshift~;0.2 eV! and a broadening. We
propose that this observation can be accounted for if a f
tion of the Si crystallites in the nanowire in our sample e
hibits the effect of quantum confinement.20

The above-discussed notions can be substantiated with
FLY results. It should be noted that for the Si nw of 20
30-nm diameter, FLY at the SiK edge is equally sensitive t
the surface and the bulk of the Si nw~the one-absorption
length for Si at the SiK edge is;1.3 mm!. In the case of a
several-mm-thick Si~100! wafer, however, the FLY XANES,
though sensitive almost entirely to the bulk, suffers fro
severe self-absorption~sometime known as the thickness e
fect: the fluorescence photon was reabsorbed by the sp
men! since the one-absorption length of the fluoresce
photon is ;103 nm. The thickness effect~mainly due to
self-absorption! results in a reduction in whiteline intensit
and significant broadening of all the features. The effec
less severe in the more porous Si nw and PS specim
ut.
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Figure 7 shows the FLY XANES for Si nw, Si nw~HF!,
Si~100!, and PS~oxidized!. A comparison of the TEY with
the FLY XANES for the Si nw and Si nw~HF! is shown in
the inset. Several points can be made here: First, the S
whiteline doublet is somewhat visible in the FLY indicatin
that the Si wire still maintains some long-range order, but
separation is significantly smaller than Si~100! and is in the
direction of coalescing. Second, there clearly exhibits a bl
shift of the edge jump as well as the whiteline from Si~100!
to Si nw to PS. Third, the edge jump ratio SiO2/Si in the
FLY spectrum is now;1/4 in excellent accord with the
expected ratio shown in Fig. 1. Thus both TEY and FL
XANES exhibit a trend of increasing degradation in lon
range order going from bulk Si to Si nw to PS.

2. Si K-edge EXAFS

The EXAFS results further confirm the above observ
tions. Figure 8 shows the EXAFSx(k)k ~weighted byk! for
Si~100!, Si nw and Si nw~HF! recorded in TEY in the uppe
panel and the corresponding Fourier transform~FT! in the
lower panel. The corresponding FLY shows similar resu
except for a small reduction in amplitude and poor statis
due to the thickness effect and low counting rate, resp
tively, and was not used for the analysis.

EXAFS ~Refs. 21 and 22! arises from the interference o
the outgoing and the backscattered photoelectron at the
sorbing atom. This interference modulates the absorption
efficient and is dominated by single scattering at medium
high k. For an absorbing atom surrounded byNj backscatter-
ing atoms of the same kind with a separation ofr j , EXAFS
can be expressed in terms of an amplitude functionA and a

FIG. 7. FLY SiK-edge XANES for Si~100!, Si nw, Si nw~HF!,
and porous silicon. The vertical arrows mark the edge jump of
Si and SiO2 components in Si nw. Inset: Comparison of the FLY
Si~100! and Si nw~HF! and the TEY and FLY of Si nw. The Si nw
~HF! spectrum was downscaled for clarity.
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phase-shift functionF(k,r j ,Nj ,ab). The amplitudeA is a
function of the coordination numberNj of identical neigh-
boring atomsj with the same interatomic distancer j , the
backscattering amplitudef (k,p) of the neighboring atom
and the mean-square displacement of the pairs j

2 in the form
of a Debye-Waller~DW! factor, exp(22sj j

2k2). The phase
term F(k)5sin(2krj1fj,ab) includes the total phase contr
bution f j ,ab , from the absorbing atom and the backscatt
ing atom. Thus the EXAFS amplitude decreases asNj de-
creases ands j

2 increases.s j
2 and hence DW measures th

degree of the disorder in the lattice.s j
2 can be considered a

a mean-square relative displacement of the interatomic
tance. It may be conveniently divided in two terms:23 s j

2

5sdyn
2 1sstat

2 sdyn
2 is a dynamic term. It is concerned with th

thermal motion of the atoms in the lattice and is temperat
dependent.sstat

2 is sometimes referred to as a static disord
term. It deals with a slightly different interatomic distan
between identical pairs resulting from the presence of sur
and interface atoms, surface reconstruction, grain bound
and defects.Nj and DW are of considerable significance he
because as the nanowire becomes smaller, the surface to

FIG. 8. Upper panel:k-weighted SiK-edge EXAFS for Si nw,
Si nw ~HF!, and Si~100!. Lower panel: Fourier transform~FT!.
Lines indicate the nearest shells around Si for the correspon
compounds. The Si nw~HF! was downscaled for clarity.
-

s-

e
r

ce
ry,

ulk

atom ratio increases and on average the coordination num
of like atoms decreases. In addition, oxide encapsulation
hydrogen passivation of the Si surface~HF treatment!, as
well as the presence of defects, will induce lattice distorti
resulting in increasing disorder~larges j

2). For example, it is
well known that porous silicon films are highly stressed a
have large DW values.7,9

In the upper panel of Fig. 8, we see that thek-weighted
EXAFS for Si~100!, Si nw ~HF! and Si nw show similar
oscillations although both Si nw~before and after HF etch
ing! exhibit a noticeable reduction in amplitude in the lowk
region. This indicates a degradation in long-range order.
similarity in frequency is perhaps surprising at first glan
for the ambient Si nw sample since its EXAFS should co
sist of two contributions: the Si nanowire and the surfa
oxides. It turns out Si-O EXAFS has most of its intensity
the low-k region while Si-Si EXAFS still has significant am
plitude in the mid-k and high-k regions.19 This is because the
backscattering amplitude of oxygen is smaller than that of
Thus Si-O EXAFS damps rapidly ink space and vanishes a
high k. In addition, the surface oxide is amorphous, thus
only has important EXAFS from its first shell. The EXAF
of Si nw ~HF! is unquestionably that of crystalline silicon
This finding is confirmed by TEM and electron-energy-lo
spectroscopy~EELS! results.24

The amplitude and phase have been separated b
Fourier-transform~FT! technique.21 The FT analysis yields
the radial distribution~phase adjusted of the different she
as shown in the lower panel of Fig. 8. The lines mark t
Si-Si distribution maximum for the first three shells. We u
the EXAFS region ofk53.0– 10.9 Å21 in the analysis in
which the first peak~nearest neighbors! was filtered and
backtransformed with exactly the same parameters~1.4–2.61
Å!. The first-shell bond-length differenceDr , between Si nw
~HF! and Si~100!, was obtained by fitting the phase function
with E0 ~threshold energy wherek50) being an adjustable
parameter. It should be noted that for chemically similar s
cies, this is perhaps the most accurate method to get
bond-length difference.23 The Dr thus obtained is20.008
60.005 Å with anE0 adjustment of20.98 eV. This obser-
vation may indicate a marginal compression of the Si latt
on average in the HF-etched nanowire under investigation
should be noted that the relatively small uncertainty is as
ciated with the ‘‘bond-length difference,’’ not the bon
length itself. The assumption of chemical transferability
phase and amplitude is at work here~Si in bulk silicon vs Si
in porous silicon!. Similar analysis of the Si nw~oxide en-
capsulated! EXAFS shows aDr of 20.02560.010 Å and a
DE0 of 22.73 eV. This observation suggests that the pr
ence of the surface oxide leads to a small lattice contract
We caution that this may be also due to the presence
weak underlying Si-O EXAFS neglected in the analysis.

The upper panel of Fig. 8 shows that the reduction
EXAFS amplitude is largely in the low- and mid-k region.
This is the region the Si backscattering amplitude is
largest21 ~peaks at;4 Å21). This observation suggests eith
a reduction in the effective coordination number on avera
or an increase in disorder in the Si nw. The reduction in
EXAFS amplitude is clearly seen in the FT. From the rad
distribution, we can identify the interatomic distance
Si~100! and Si nw~ambient and HF etched! up to the fourth

ng



h
c
d

he
he
g

e
ive

n

lts

X
be
tic

ir
e

of
r is
mi-
en-

of
nd
ng-
oth
n

ant
gi-

ia-

ter

PRB 61 8305ELECTRONIC STRUCTURE OF SILICON NANOWIRES . . .
shell. The amplitude reduction is more significant at t
outer shells. A comparison of the first-shell amplitude fun
tion obtained from back FT shows a reduction in amplitu
of the Si nw ~HF! relative to that of Si~100!. Since both
materials are crystalline with identical structure locally, t
reduction in amplitude is almost certainly attributable to t
reduction in the effective coordination number and lar
root-mean-square relative displacement26 of the interatomic
distance (s2) in both the oxide-encapsulated and HF-etch
wires. The latter is probably more important. A comparat
analysis of the amplitude of the first shell of Si nw~HF!
relative to Si~100! shows a ratio of the effective coordinatio
number of 0.9760.02 and aDs2 of 5.931024 Å (s
50.024 Å!. This difference is similar to some of the resu
obtained previously on chemically similar samples.25 The
latter is attributed to static disorder. Similar behavior in E
AFS has been observed before in porous silicon and has
attributed to the degradation of long-range order and lat
distortion.7,9,27

IV. SUMMARY AND CONCLUSION

We have reported a PES and XAFS study of Si nanow
specimens prepared by a laser ablation technique. Th
o,

o,

e
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ys

nd
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-
en
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e
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nanowire surface layer is found to be primarily SiO2 and the
Si wire is essentially crystalline Si with broaden densities
states both below and above the Fermi level; this behavio
attributed to the degradation of long-range order and che
cal inhomogeneity resulting from its nanosize and oxide
capsulation. There is an indication that at least a fraction
the Si nw exhibit a wider band gap than that of bulk Si a
that there is some local disorder and degradation of lo
range order in Si nw. The PES and XAFS results using b
TEY and FLY confirm previous TEM, XRD, and Rama
observations.
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