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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 witi{1%I0) and porous silicon. Sif2 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. &iedge x-ray absorption near-edge structures show that the characteristic
Si K-edge whiteline doublet in 8i00) 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.

[. INTRODUCTION show that these wires are essentially crystalline Si with many
defects and they are always encapsulated with a thin layer of
The electronic structure of silicon in unusually dimen- silicon oxides>*Nanoparticles of Si chains linked by amor-
sions(surface, interface, quantum wires, quantum dots) etc.phous Si oxide are sometimes found coexisting with Si
is of considerable interest both fundamentally and technowires? The Si nanowires thus prepared generally exhibit
logically. The study of nanostructure silicon in particular hasphotoluminescence somewhat similar to those of porous
been an area of intense interest in recent y&drsThis is  silicon?
partly because nanosize materials are likely to exhibit elec- Despite considerable morphology and structural studies,
tronic structure different from the bulk due to a combinedinformation on the electronic structure of these materials is
effect of surface, interface, and quantum confinement, ancelatively lacking. In this paper we report on a photoemission
partly because of the increasing demand in application o$pectroscopy(PES and x-ray absorption fine-structures
nanoscaled silicon in many advanced technologies. (XAFS) study of Si nanowires prepared by the laser ablation
The advancement in nanostructure studies is due largelyethod as well as p type S{100) wafer and a porous sili-
to the advancement in the preparation methodology of theon sample prepared from prtype S(100 wafer (~10
materials as well as the use of advanced characterization aifélcm). PES probes the electronic environment of the atomic
computational techniques. Compared to the study of carbosite (core level$ and the occupied densities of sté@lence
nanotubes, the study of Si nanowires has been hampered band below the Fermi level while XAFS probes the unoc-
the lack of bulk quantity of nanowire and hence has beertupied densities of states in the conduction band and the
limited to the study of porous silicoftP9.5" PS is a spon- extended local structureseveral shellsof Si in the nanow-
gelike interconnecting Si wire network with pillars and nod- ire.
ules of nanometer dimensions. Its study drew enormous at- By studying bulk S(100), silicon nanowires, and porous
tention since it was found that PS emits intense visiblesilicon with PES and XAFS, we can address several
luminescence at room temperatére. structure-electronic properties issues such as the densities of
A recently reported preparation of silicon nanowlrg$  states below and above the Fermi level and the band gap.
has greatly changed the scope of Si nanowire research. THRES, in the single-particle picture, reveals the chemical state
preparation of bulk quantities of silicon wires using a laserof the element in its core-level spectra and the electron den-
ablation technique at high temperature makes it possible tsities of stategDOS) in its valence-band. XAFS measures
study these materials in some detaif$®’ It has been the modulation of the absorption coefficient above an ab-
shown that this method produces a distribution of fiberlikesorption edge. It is conveniently divided into the x-ray ab-
free-standing wires having diameters varying from 3440  sorption near-edge structurdXANES) region, the first
nm with lengths up to a few hundred microns and that silicor40-50 eV above the edge, and the extended x-ray absorption
oxides play a crucial role in the synthesis. Transmission eledine-structure§EXAFS) region that extends to as much as
tron microscopy(TEM) and x-ray powder diffractiofXRD) 1000 eV above the edge.($00) and porous silicon are the
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two extreme cases in crystalline dimensionality for crystal-
line Si with the former having very-long-range order while
the latter having crystalline pillars and nodules as small as a
nanometef. The Si nanowires studied here are strucutrally
somewhere between bulk silicon and porous silicon. Thus
the effect in dimensionality and degree of disorder on the
electronic structure can be revealed from the densities of
states, both below and above the Fermi lédpebbed by PES
and XANES, respective)y and the local structure of Si at-
oms in the nanowireprobed by EXAF$°1°

Il. EXPERIMENTAL

Si nanowires were prepared by a laser ablation technique
as described previously?* The system consists of a quartz
tube placed inside a furnace and an excimer laser capable of
delivering pulseg34 n9 energies of 400 mJ at 248 nm at a
frequency of 10 Hz. A target and a water-cooled copper fin-
ger were placed inside the quartz tube. Si nanowires were
produced by laser ablation of a target of Si and Sitixture.

A carrying gas of Ar with 5% H was used during the pro-
cess[~300 torr and 50 sccrfstandard cubic centimeter per
minute]. The resulting Si nanowirehenceforth denoted Si
nw) were collected on the wall of the quartz tube down-
stream where the temperature wa930 °C. The Si nano-
wires thus produced appear as a brown spongelike web
which contains primarily long nanowire Si chains. Some-
times a small amount of chains of Si nanoparticles linked by
amorphous oxide is also foufldd specimen of predominant

Si nw with diamters mainly within 20—30 nm was chosen for
this investigation. TEM, SEM, XRD, and Raman techniques
had been used to reveal the morphology and struéttife. FIG. 1. (8) TEM image of Si nanowires prepared by laser abla-

Figure Xa) shows a TEM micrograph of the specimen. tion (upper panel (b) A closeup image of a Si nanowire showing
Figure Xb) shows more detailed morphology of a Si nano-oxide encapsulatiofiower panel.
wire in high resolution. It can be clearly seen that a nanowire

Si chain is~25-30 nm in diameter and is coated with Sev']panowires remain essentially intact except for the removal of
eral nm of silicon oxide. Crystal defects are also evident. |

we leave out the oxide layer, the actual diameter of the un'ghe surface oxide layer. This procedure sometimes leads to
oxidized wire is in the range of 18—23 nm. This+3/4 of dissolution and fragmentation of the specimen.pAype

the nominal diameter. This is, however, considerably Iarge?'(loo) wafer and a porous silicotP§ sample were also

than the nanopillars and nodules in PS responsible for Iumi@xamlnedd :m(iler ﬁ'm".ar l(I:ond_mon;. Thg fos(f) spefametn was
nescence. For intense luminescence in the visible, the quaR_repare electrochemically usingdype S{100 wafer at a

tum confinement theory requires that the size of the Si nang2urrent density of 20 mA/an‘or 20 min. Since both PS and
structure be less than 5 nfit is conceivable that there exist Si "W charged up significantly during the PES measurement,
smaller grains of Si nanocrystallites in Si nw responsible fora" electron flood gun was used to compensate the effect of
the observed luminescence. charging. Overcompensation may sometimes occur. These
PES measurements were performed in a vacuum genergituations will be discussed below.
tor (VG) surface analysis system, ESCALAB 2200-iXL. A XAFS measurements at the Kiedge(~1840 eV} were
monochromatic AlKa x-ray source(1486.6 eV and a carried out at the double-crystal monochromator beamline of
150-nm hemispherical electron-energy analyzer were usethe Canadian Synchrotron Radiation Facill§SRH located
At 10-eV pass energy, the overall experimental resolutiorait the Synchrotron Radiation Centé8RO), University of
with a 250um spot size is~0.45 eV. The nanowire speci- Wisconsin—Madison. In§h11) were used as monochro-
men was a piece of a compressed brown spongelike web ohator crystals. In addition to the Si nanowire(1%i0) wafer,
~3 mm across and~2-mm nominal thickness. It was and porous silicon, a quartz samglerystalline SiQ) was
mounted onto a Mo substrate with a conducting silver pastealso studied. SRC operates at 800 MeV with a current of 250
The as-prepared specimen was first examined without anynA at injection. Both total electron yiel(TEY) and fluores-
chemical treatment. It was subsequently etched with a HEEence yield(FLY) were used to obtain the absorption spec-
solution to remove the surface oxide. Both TEM and SEMtra. The incident photon fluk, was monitored with an in-
showed that after the HF treatment, the morphology of thdine N, ionization chamber. The TEY was monitored with




8300 ZHANG, LIAO, CHAN, LEE, SAMMYNAIKEN, AND SHAM PRB 61

35000 -

Si2p

Si2s Si 2p

| \ ‘ |

4 no e-gun e-gun
¢ St nw(HF) e-gun ek 200001 ¢. Si nanowire | ‘ |
4000 - | .
N }‘ (HF etched) \ | /
b. Si nw(HF)
%7 d. si nanowire e-gun
2000 1 3, Si(100) L_m (oxide encap.)

/

8000 1 i
a. Porous Silicon
30000 -
plasmon

6000 -

’ 25000 1 b. Si (100)
d. Sinw “

= —

Intensity (arb. units)
Intensity (arb. units)

10000

L no e-gun
° ' 1£I;0 1éo ' 14'10 ‘ 12‘0 1(;0 110 1(I]8 166 1(I)4 162 160 9'8 96
Binding Energy (eV) Binding Energy (eV)
FIG. 2. Si2p and2s XPS spectra for the specimers) HF- FIG. 3. Si2p XPS of (a) porous silicon,(b) Si(100), () Si nw

etched Si100), (b) Si nw (HF, no flood gui, (c) Si nw (HF, flood ~ (HF), and(d) Si nw (ambient, oxide encapsulatedn (c) and (d)
gun), (d) Si oxide-encapsulated Si niftood gun), (e) porous silicon ~ SPectra with and without ae-flood gun were shown.
(flood gun. All spectra have been aligned to the $i2 of Si(100).

the higher binding-energy sidd.7.5 e\j of the main core
the specimen drained current normalizedlo FLY was peaks. These features are the bulk plasritfoficharacteris-
collected with a channel-plate detector positioned at 90° withic of Si excited by the photoelectrons through an inelastic
respect to the incident light. Due to the short attenuatiorenergy-loss process. Surface plasmons which are expected at
length for inelastic scattering of the low-energy photoelec-~12 eV above the main peaks for a clean Si surface are less
trons in the solid relative to that of the fluorescence photonsgvident. This is because the surface are all chemically modi-
TEY enhances the signal from the surface and the neaffied. It is well established that surface reaction quenches the
surface regior{5—10 nm of the specimen while FLY probes surface-plasmon sign&t.The presence of bulk plasmons im-
the bulk (50—100 nm. Thus the combined use of TEY and mediately indicates that all the materials in question are es-
FLY provides some selectivity in measuring the electronic  sentially elemental silicon although there is some broadening

structure of different region&epth of the specimen. in Si nw and a significant broadening in PS. Second, in the Si
2s and 2 region of the Si nw spectrum, there is an intense
Ill. RESULTS AND DISCUSSION peak at~4 eV above the main peak. It has been established

that surface Si can be oxidized by electronegative elements
through several oxidation stat€$—4) and the binding en-
Figure 2 shows the Si2 and X core-level spectra of ergy increase associated with unit increase in oxidation state
Si(100), Si nanowires, and porous silicon recorded at 20-eMis ~1 eV !® Thus the peak at-4 eV above Si is attributed to
pass energy. Since charging is a problem with Si nanowireSiO,. The broadening of both the Si and Si@eaks are
and porous silicon, all the Sif,, levels have been aligned indicative of the presence of suboxides S{@<2).® Third,
to the Si 24, peak of S(100 at 99.7 eV. Thus chemical the more interesting features are seen in the spectra of the
shift is not always a viable option for these systems in PE$HF-etched Si nw. The spectrufig. 2(b)] exhibits a shoul-
measurements. Both (300 [Fig. 2(@)] and PS[Fig. 2(e)]  der at the higher binding-energy side of the main peak, it
were etched with HF prior to their introduction into the ex- shifts to the lower binding-energy side of the main peak
perimental chamber. This procedure removes the native suwhen an electron flood gun was used to compensate charg-
face oxide and passivates the surface with hydrogen. Figuiieag. These features suggest the presence of poorly conduct-
2(d) corresponds to the oxide-encapsulated Si nanowiré1g Si nw fragments and will be further examined below.

A. PES: Si core-level spectra

specimen, Si nw, while Figs.(® and 2Zb) correspond to the Figure 3 compares the Sip2spectra recorded using
HF-etched Si nwHF) with and without the use of agflood  10-eV pass energy. The (300 spectrum shows a well-
gun. resolved Si D3 1> doublet at 99.7 and 100.3 eV, respec-

Several features are immediately apparent from Fig. 2tively. There is a barely visible peak at102.5 eV. It can be
First, all spectra exhibit equally spaced satellite structures attribute to the presence of a small amount of surface SiO
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and Sik (+2 and +3 oxidation state The presence of a

small amount of O and F was confirmed in a wide energy 4 4 .
scan of the O and Fdlregion. The porous silicon specimen Si2s
shows a broad Si peak at99 eV and a small amount of @

surface SiQ at ~103.7 eV. The problem with nanoscale Si §
appears to be that due to their small size and the presence (g 40 1
a large surface area which is susceptible to oxidation, a frac<
tion of the wires are in poor contact with each other and with %’
the substrate, and therefore become nonconducting. Since tt§
wires and/or nanostructures in the PS network have a distri-=
bution in size and some are not in good electrical contact
with the network, differential charging will result in a shift to Difference x 2
higher binding energy and a significant broadening in its core 01 . ‘ . —

Si nanowire

N\

2000 4

level. When are-gun is applied, however, overcompensation 190 v 160 150
will result in a shift to lower binding energy. Thus the shift Binding Energy (eV)
of Si 2p in PS to an unusually low binding energy relative to

that of S{100) and the associated distortion can be attributed Si 2p
to charge overcompensation. The charging problem in the
oxide-encapsulated Si wire is also severe. We see from Fig,a. 2000 4
3(d) that the oxide-encapsulated Si nw exhibits a broad, SiO =
peak at~4 eV above the Si peak. Without charge compen- =
sation, the entire spectrum charges up-by eV. However,
when HF removes the surface oxide of the Si nw, the oxide
peak disappears and charging is dramatically reduced.
We now return to another interesting feature in the spectr
of the HF-etched Si nwFig. 3(c)]. There are two sets of
doublets and one appears as a shoulder to the main at high
binding energy(marked with vertical bayswhen the flood 04 Difference x 2
gun was not used. However, when the flood gun was (ested 140 130 120 110 100
~0 V), the shoulder shifts to the lower binding-energy side
of the main. In addition, when the voltage on the flood gun
was increased t6-0.5 and—1 V, the less intense doublet FIG. 4. Compariosn of the Sts and 2p regions of the HF-
shifts to lower binding energy accordingly while the main etched Si100) and Si nw. The difference curve shows the spectrum
peak moves little. This observation indicates that the shoulef the poor conducting fragments.
der corresponds to nanowire fragments and/or nanocrystal-
lites electrically detached to the sponge framework duringws=®p/(2)"2 It should be cautioned that these equations
HF etching. The possibility of associating this with remain-2apply to bulk systems and provide a starting point for dis-
ing Si oxide can be ruled out based on its narrow linewidthcussion; the difference between surface- and bulk-plasmon
(oxides always exhibit considerably broader lines frequencies is influenced by dimensionality effects. For ex-
In Fig. 4, we aligned and normalized the o 2nd 2  ample, Sassalet al1® reported that the plasmon frequency
peak of the Si nw with those of G00) and then obtained the in porous silicon behaves more like,/(3)"* than wp/
Si nw—S{100 difference curve. It is perhaps surprising to (2)% In the samples reported here, surface plasmon is
see that these fragments exhibit a slightly smaller plasmofiuenched by surface oxide and/or surface hydride. Although
frequency(~16.5-16.8 eY. We believe that these observa- the plasmon frequency generally take on a dispersion rela-
tions are qualitative indicative despite a large uncertaintyionship withq (lattice vectoy in low-dimension systems, the
(0.5 eV) in the position of the satellites in the difference Si nanowires under investigation are mostly still of “bulk”
spectrum. character. From Eq1) we see that a decrease in the plasmon
We want to explore qualitatively the implication of this frequency corresponds to a drop in7fMe?/ em*)*2 The
observation if it can be confirmed. The question is whetheterms that will likely change are the effective mass and the
or not it is possib|e for a material in a nanowire and/ordi@'GCtl’iC Constan]t?'ls It has been shown that the dielectric
nanocrystallite to exhibit a plasmon frequency that is smallefonstant of Si nanowire is larger than that of the bulk while
than that of the bulk. Plasmon oscillation arises from thethe effective mass gets smaller than that of the Bdk:°N
collective motion of the nearly free electrons in metals andmay also become smaller as the fraction of electronegative

semiconductor$ 13 its frequencyw, can be expressed as ~ OXygen atoms at the interface increase with decreasing diam-
eter. It is plausible that a smaller plasmon frequency may

wp=(477Ne2/em*)1’2, (1) exist .in very small Si nanqwire fragmgnts, although more
work is needed to substantiate this notion.

Si nanowire

u

Si(100)

1000 + =—16.8eV

Intensity (arb

Q)

Binding Energy (eV)

whereN is the density of electron charge per unit volurae,
is the electron charge,is the dielectric constant, amd* is
the effective mass. Two-dimension@urface plasmon can Figure 5 shows the valence-band spectra for the HF-
also exist. Its frequencyy is related to the bulk plasmon by etched Si nanowires, @00, and porous silicon. The

B. Valence-band spectra
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recorded with the same specimen that gave Fg). Ihe slightly , : ; ;
sharper spectrurtb) was obtained from another specimen where no 1840 1850 1860 1870
poorly conducting fragment was observed. Photon Energy (eV)

Si(100) spectrum shows a three-peak pattern characteristic of FIG. 6. TEY SiK-edge XANES for Si nw and Si nwHF)

the densities of states of thep bands of silicon. Two (ambient and HF etchedSi(100), porous siliconlambient and HF
nanowire samples were used in the measurement. The uppeiehed, an SiG (quarts normalized to unity edge jump. The edge
curve[Fig. 5(c)] was obtained from the same Si nw Samp|e_region was expanded _in the inset. The vgrtical arrows mark the etch
used to record Figs. 2 and 3 which indicate the presence ofi4mp for the Si and Si9component of Si nwambient.

small fraction of nanowire fragments in poor contact with the

substrate. These wire fragments cause some broadening atdn to the bound and quasibound states, and are associated
a shift of the top of the valence band toward the Fermi levelwith the structure and bonding environment of the absorbing
as was the case in the Sp3pectruniFig. 3(c)]. The maxi- atom. At higher energy above the edge, the absorption coef-
mum of the valence band remains more or less unchangeficient often exhibits oscillations resulting from the interfer-
however. The lower curviFig. 5b)] was obtained from an- ence of the outgoing and the backscattered photoelectron.
other HF-etched Si nw sample that did not show detache&ince XAFS measures the photon energy of a transition, not
nonconducting Si nw in its core-level spectrum. It alsothe kinetic energy of electrons, charging is not a problem.
charges up bue™-gun compensation causes no distortion.Thus chemical shift can be measured either in terms of the
Thus the spectrum represents that of a Si nw without a suredge jump threshold energy or the energy position of the first
face oxide layer. The valence-band spectra observed in the S&sonancéexcitation to the localized unoccupied densities of
nw spectra are similar to that of (300 except for a notice- states just above the Fermi level, sometimes known as white-
able broadening. This broadening is attributed to chemicadline).

inhomogeneity due to a distribution of wires of different

sizes, and disorder resulting from surface- and/or interface- 1. Si K-edge XANES

induced stress and lattice distortion. The porous silicon _ _ )

vance bandVB) broadens further, due to the distribution of ~ Figure 6 shows the S(-edge XANES for Si nw, Si nw
smaller interconnecting nanowires in a large network each ofiF etched, Si(100, PS (HF etched, PS (oxidized in the
which exhibits a slightly different chemical environment and@mbien}, and SiQ (quart recorded in TEY. All spectra are
charging properties. It also shows some residue surface oxidi®rmalized to an edge jump of unity except that of the Si nw
signal between 15-20-eV binding energy. This observatio§HF) which was downscale@80% for clarity. The edge
is consistent with the broadening seen in the re-level JUMp region was expanded in the inset. Since TEY is sensi-

spectra[Fig. 3@]. Thus the valence-band results confirm tive to the surfac_;e and the ngar—surface rggion of the speci-
that the Si nanowires are crystalline Si, albeit with consider/Men, surface oxide has a noticeable contribution to the total

able disorder. signal. Several features from Fig. 6 concerning the ambient
Si nw and porous silicon are discussed below in some detalil.

First, the S(100) spectrum exhibits an intense absorption
peak at the edgéwhiteling) followed by a small surface

Si K-edge XAFS arises form the excitation of a S§ 1 oxide peak at 1847.5 eV, which corresponds to the resonance
electron into previously unoccupied statespotharacter in  at the edge-jump onset of SjOIt should be noted that the
the conduction band. In the near-edge region the spectralative oxide on Si surface is amorphous gi@ exhibits the
features correspond to the dipole excitation of the core elecsame XANES as quartz except that the fine structures be-

C. Si K-edge x-ray absorption fine structures(XAFS)
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tween 1847.5 and 1866 eV seen in quartz are smoothed out.
The intensity of this oxide peak can be used to monitor semi- ] Si(100)
guantitatively the thickness of the surface oxide. FQL &),
the oxide peak disappears after HF etching. Close examina- p
tion reveals that the §i00) whiteline is a double{Fig. 6
insed. This doublet is a band-structure feature and is associ-
ated with long-range order in the Si crystaP*®

Second, the Si nw XANES exhibits both Si and S&dlge
with resonances similar to those of ambientl80), except
that the SiQ peak intensity increases significantly due to a
larger surface area and a large surfacedide) atom to
bulk (wire) Si atom ratio[Fig. 1(b)]. The increase in inten-
sity of the oxide resonance becomes more dramatic in porous
silicon aged in the ambient atmosphere, (%), where sur-
face oxide thickness increases further. Some suboxide sig- PS (ox)
nals between the Si and the Si@dge are also evident. HF
testament removes the surface oxidésappearance of the
peak at 1847 e) Returning to the Si nw TEY spectrum, a j J/

1840

1850

Si(100)

FLY (arb. units)

/

Si nw(HF) x 0.8

Sinw __|

E, (Si)

measure of the relative edge jump at 1844 and 1860 eV for

Si and SiQ, respectively, shows that the as-measured 0

SiO,/Si ratio is~2/5, large in comparison with the 1/4-1/3

ratio expected from Fig. 1. The apparent discrepancy is ex-

pected since TEY is more sensitive to the surface oxide than

the encapsulated Si. The ratio become#/1 in the TEY of FIG. 7. FLY SiK-edge XANES for SiL00), Si nw, Si nw(HF),

the oxidized PS. The oxide peak vanishes when the oxidgnd porous silicon. The vertical arrows mark the edge jump of the

was removed with HF as seen in the @&) and Sinw(HF)  sj and SiQ components in Si nw. Inset: Comparison of the FLY of

spectrum. Si(100 and Si nw(HF) and the TEY and FLY of Si nw. The Si nw
Third, the most interesting comparison is seen in the edgegHF) spectrum was downscaled for clarity.

jump region where the well-defined doublet observed in the

Si(100) whiteline flattens out in both ambient and HF—etched,:igure 7 shows the FLY XANES for Si nw, Si n¢HF),

Si'nw apd totally blurs into a signal peak in porous silicon Si(100, and PS(oxidized. A comparison of the TEY with
(Fig. 6, insel. This observation indicates that there is alreadyihe FLY XANES for the Si nw and Si NWHF) is shown in

a noticeable degradation in long-range order in Si nw due {@ne jnset. Several points can be made here: First, the Si nw
its nanodiameter and surface effect associated lattice diStO\Whiteline doublet is somewhat visible in the FLY indicating

tion and defects. It becomes more severe in DOTOE% SE)“icofhat the Si wire still maintains some long-range order, but the
where the doublet blurs entirely. As reported previodsly, separation is significantly smaller than(B)0) and is in the

the PS XANES shows a blueshift in both the edge jumpgirection of coalescing. Second, there clearly exhibits a blue-
(_pomt of inflection of the edgeand the position of the white-  gpift of the edge jump as well as the whiteline fronf1%0)

line relative to S{100). The blueshift has been attributed to to Si nw to PS. Third, the edge jump ratio SiSi in the

the widening of the band gap in nm porous silicon crystal-g) v spectrum is now~1/4 in excellent accord with the
lites due to quantum confinement. No noticeable edge shift iéxpected ratio shown in Fig. 1. Thus both TEY and FLY

observed in the Si nwbefore and after HF treatmen®l-  yANES exhibit a trend of increasing degradation in long-
though the centroid of the whiteline in the Si nw XANES range order going from bulk Si to Si nw to PS.

exhibits a small blueshift~0.2 eV) and a broadening. We

propose that this observation can be accounted for if a frac-

tion of the Si crystallites in the nanowire in our sample ex-

hibits the effect of quantum confineméfit. The EXAFS results further confirm the above observa-
The above-discussed notions can be substantiated with thi®ns. Figure 8 shows the EXAFZ(k)k (weighted byk) for

FLY results. It should be noted that for the Si nw of 20— Si(100), Si nw and Si nw(HF) recorded in TEY in the upper

30-nm diameter, FLY at the % edge is equally sensitive to panel and the corresponding Fourier transfdifi) in the

the surface and the bulk of the Si nfthe one-absorption lower panel. The corresponding FLY shows similar results

length for Si at the SK edge is~1.3 um). In the case of a except for a small reduction in amplitude and poor statistics

several-mm-thick $100) wafer, however, the FLY XANES, due to the thickness effect and low counting rate, respec-

though sensitive almost entirely to the bulk, suffers fromtively, and was not used for the analysis.

severe self-absorptiofsometime known as the thickness ef- EXAFS (Refs. 21 and 2Rarises from the interference of

fect: the fluorescence photon was reabsorbed by the spedhe outgoing and the backscattered photoelectron at the ab-

men since the one-absorption length of the fluorescencesorbing atom. This interference modulates the absorption co-

photon is~10° nm. The thickness effectmainly due to efficient and is dominated by single scattering at medium and

self-absorption results in a reduction in whiteline intensity highk. For an absorbing atom surroundedNybackscatter-

and significant broadening of all the features. The effect isng atoms of the same kind with a separatiorr pf EXAFS

less severe in the more porous Si nw and PS specimensan be expressed in terms of an amplitude funcfcend a

1820 1840 1860 1880 1900
Photon Energy (eV)

2. Si K-edge EXAFS
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] atom ratio increases and on average the coordination number
\— Si(100) of like atoms decreases. In addition, oxide encapsulation and
‘ hydrogen passivation of the Si surfa@dF treatment as

well as the presence of defects, will induce lattice distortion,
resulting in increasing disordéhargecrjz). For example, it is

well known that porous silicon films are highly stressed and
have large DW value&?

In the upper panel of Fig. 8, we see that theveighted
EXAFS for Si100), Si nw (HF) and Si nw show similar
oscillations although both Si n@before and after HF etch-
ing) exhibit a noticeable reduction in amplitude in the l&w-
region. This indicates a degradation in long-range order. The
similarity in frequency is perhaps surprising at first glance
; . . . for the ambient Si nw sample since its EXAFS should con-
4 6 8 10 sist of two contributions: the Si nanowire and the surface

K- space (A"") oxides. It turns out Si-O EXAFS has most of its intensity at
the lowk region while Si-Si EXAFS still has significant am-
plitude in the midk and highk regions® This is because the
Si(100) backscattering amplitude of oxygen is smaller than that of Si.
8 - Thus Si-O EXAFS damps rapidly ikspace and vanishes at
high k. In addition, the surface oxide is amorphous, thus it
. only has important EXAFS from its first shell. The EXAFS

Si nw(HF) of Si nw (HF) is unquestionably that of crystalline silicon.
This finding is confirmed by TEM and electron-energy-loss
4 spectroscopyEELS) results**
The amplitude and phase have been separated by a
) / Fourier-transform(FT) technique?* The FT analysis yields

0.4

0.2 -

0.0 -

Amplitude

-0.2 4

-0.4

Magnitude

the radial distributionphase adjusted of the different shells
as shown in the lower panel of Fig. 8. The lines mark the
01 Sinw Si-Si distribution maximum for the first three shells. We use
: : : the EXAFS region ofk=3.0-10.9 A in the analysis in
0 2 4 8 8 10 which the first peak(nearest neighborswas filtered and
Radial Distribution (A) backtransformed with exactly the same paramdtes-2.61
_ _ ) A). The first-shell bond-length differencer, between Si nw
_FIG. 8. Upper panelk-weighted SiK-edge EXAFS for Si nw,  (HF) and S{100), was obtained by fitting the phase functions
Si nw (HF), and S{100). Lower panel: Fourier transforn(FT). with E, (threshold energy where=0) being an adjustable
Lines indicate the pearest shells around Si for thg correspondingarameter' It should be noted that for chemically similar spe-
compounds. The Si nVHF) was downscaled for clarity. cies, this is perhaps the most accurate method to get the
bond-length differenc& The Ar thus obtained is—0.008
phase-shift functiond(k,r;,N; .p). The amplitudeA is a ~ +0.005 A vyith_ ank, adjustment of—0.98 ev. This ob'ser—.
function of the coordination numbe¥; of identical neigh- Vation may indicate a marginal compression of the Si lattice
boring atomsj with the same interatomic distance, the on average in the HF-etched nanowire under mv_estlg_atlon. It
backscattering amplitudé(k, ) of the neighboring atom, should be noted that the relatively small uncertainty is asso-

and the mean-square displacement of the @%i'm the form ciated .With the “bond-len_gth differen.ce,” not the .b_ond
of a Debye-Waller(DW) factor, expeZUjjzkz). The phase length itself. The assumption of chemical transferability of

o . . phase and amplitude is at work hé®& in bulk silicon vs Si
term & (k) =sin(; + ¢ qp) includes the total phase contri- in porous silicon. Similar analysis of the Si nWoxide en-

_bution ®j an, from the absorbing a_ltom and the baCkscatter'capsulate):iEXAFS shows aAr of —0.025+0.010 A and a

Ing atom. Thgs. the EXAFZS amplitude decreases\asie- AE, of —2.73 eV. This observation suggests that the pres-
creases anaj increaseso;j and heznce DW measures the o e of the surface oxide leads to a small lattice contraction.
degree of the disorder in the lattice; can be considered as \ye caution that this may be also due to the presence of a
a mean-square relative displacement of the interatomic disyegk underlying Si-O EXAFS neglected in the analysis.
tance. It may be conveniently divided in two terfiss? The upper panel of Fig. 8 shows that the reduction in
= Gyt Ceaayn IS @ dynamic term. Itis concerned with the EXAFS amplitude is largely in the low- and midregion.
thermal motion of the atoms in the lattice and is temperaturghis is the region the Si backscattering amplitude is the
dependento?,, is sometimes referred to as a static disorderargest® (peaks at-4 A~Y). This observation suggests either
term. It deals with a slightly different interatomic distance a reduction in the effective coordination number on average
between identical pairs resulting from the presence of surfacer an increase in disorder in the Si nw. The reduction in the
and interface atoms, surface reconstruction, grain boundargXAFS amplitude is clearly seen in the FT. From the radial
and defectsN; and DW are of considerable significance heredistribution, we can identify the interatomic distance in
because as the nanowire becomes smaller, the surface to bi8K100 and Si nw(ambient and HF etchedip to the fourth
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shell. The amplitude reduction is more significant at thenanowire surface layer is found to be primarily Siéhd the

outer shells. A comparison of the first-shell amplitude func-sj wire is essentially crystalline Si with broaden densities of
tion obtained from back FT shows a reduction in amplitudestates both below and above the Fermi level; this behavior is
of the Si nw (HF) relative to that of Si100). Since both  4itributed to the degradation of long-range order and chemi-
materials are crystalline with identical structure locally, the .4 inhomogeneity resulting from its nanosize and oxide en-
reduction in amplitude is almost certainly attributable to thecapsulation. There is an indication that at least a fraction of
reduction in the effect_ive cpordination numt_)er and I.argethe Si nw exhibit a wider band gap than that of bulk Si and
root-mean-square relative displacenfrmtf the interatomic dthat there is some local disorder and degradation of long-

: o - )

d|_stance ") in b.Oth the omde-encgpsulated and HF-etche range order in Si nw. The PES and XAFS results using both

wires. The latter is probably more important. A comp(:lr::ltlve_I_EY and FLY confirm previous TEM, XRD, and Raman

analysis of the amplitude of the first shell of Si niMF) ) ' '

relative to S{100) shows a ratio of the effective coordination observations.

number of 0.970.02 and aAoc? of 5.9x10 * A (o

=0.024 A). This difference is similar to some of the results
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