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X-ray absorption fine structures~XAFS! and electron energy loss spectroscopy~EELS! at the SiL3,2

edge have been used to investigate a series of Si nanowires~as-prepared and HF refreshed!. X-ray
excited optical luminescence~XEOL! was also used to study the optical properties of these Si
nanowires. Although no noticeable edge-jump blueshift~widened band gap! is observed in XAFS,
a noticeable change in the edge jump~a less steep rise and the blurring of spectral features! is
observed, indicating considerable degradation in the long-range order and size effects. However,
EELS with a nanobeam exhibits a threshold blueshift and parabolic behavior for some selected
wires indicating that there are grains smaller than the nominal diameter in these nanowires. Thus,
XAFS probes the average of a distribution of wires of various sizes of which the majority is too
large to exhibit detectable quantum confinement behavior~blueshift! observed and inferred in EELS
and XEOL. The results and their implications are discussed. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1417997#

INTRODUCTION

Silicon in nanometer dimension has been a fascinating
topic for research in many laboratories over the last decade.
Of particular interest are the discovery of luminescence from
porous silicon~PS!, a sponge-like silicon comprising an in-
terconnecting network of crystalline silicon nanowires with
pillars and nodules of nm size1 and more recently, the syn-
thesis of bulk quantity of Si nanowires.2–4 The PS lumines-
cence is exciting in that bulk Si, an indirect band gap mate-
rial, is not expected to luminesce in the visible. Also, getting
silicon nanostructure to emit light has enormous technologi-
cal implications.5 There is now a large body of experimental
and theoretical evidence5 that shows that the origin of the
luminescence from porous silicon is quantum confinement,
modified, sometimes considerably, by surface and interface/
grain-boundary chemistry,5–7 although there is an ongoing
debate on the details of the luminescence mechanism and the
nature of the optical band gap.5,8,9 Evidence for quantum
confinement, i.e., widening of the band gap and observation
of luminescence in the visible in PS10,11 and related systems
such as Si nanocrystallites12–14and Si/SiO2 multilayer quan-
tum wells15,16 continues to mount.

The recent development of laser ablation and thermal
evaporation techniques2–4 enables the fabrication of bulk
quantities of free-standing Si nanowires~NWs!. These wires
exhibit photoluminescence in the visible, albeit with consid-
erably weaker luminosity compared to PS.3,4 The lumines-

cence property of Si nanowires is particularly interesting in
that the diameter of these wires, as revealed from transmis-
sion electron microscopy~TEM! images, is several to tens of
nm, and is generally too large to exhibit quantum confine-
ment effects exhibited by Si nanostructures.8–14 It is interest-
ing to ask whether or not Si NW exhibits quantum confine-
ment behavior. According to theory and experimental
observations, a quantum confinement mechanism for lumi-
nescence from a nano Si crystallite normally requires a size
of ,5 nm.5,8,12,13Thus luminescence from nanowires must
arise from grains or oxide-encapsulated nanocrystallites with
a size of,5 nm in the wire or from defects in the oxide layer
as well as defects induced by the surface and interface/grain
boundary effects.5 In this article, we report on a SiL3,2 edge
x-ray absorption fine structure~XAFS! and electron energy
loss spectroscopy~EELS! study of bulk quantity, multi- and
single nanowires to address these issues. SiL3,2 edge XAFS
measures the electronic structure of the unoccupied densities
of states of primarilys character in the conduction band for a
distribution of Si nanowires with a; mm photon beam
while EELS on the other hand can perform measurements
with a nanobeam~tens of nm!. This permits a site-specific
study of a collection of several and even a single wire. X-ray
excited optical luminescence~XEOL! using a AlKa x-ray
source was used to confirm the photoluminescence of these
specimens.

EXPERIMENT

Si nanowires investigated in this work were prepared
using a laser ablation technique as described previously.3,4

The procedure involves the use of an excimer laser~248 nm,
10 Hz, 400 mJ! to ablate a target of Si and SiO2 mixture in
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an evacuated quartz tube. An inert carrier gas, normally Ar, is
used and the cotton-like brownish nanowires are collected on
the wall of the tube downstream near a cold finger.3,4 The
nanowires studied here had been characterized with SEM,
energy dispersive x ray~EDX!, TEM, x-ray powder diffrac-
tion, and x-ray absorption fine structure~XAFS! at the
SiK-edge.4,17 These wires are typically micron long with di-
ameters varying from a few nm to tens of nm, depending on
the preparation conditions and are usually encapsulated by a
silicon oxide layer. For the purpose of discussion in this
work, nominal diameter~size distribution maximum with a
width at half maximum of;5 nm! is used. Si nanowires of
nominally ;13–;26 nm were used in the SiL3,2 XAFS ex-
periment. In EELS studies, multiple wires as well as a single
wire with a specific size were selected with TEM prior to the
EELS measurement. XEOL was obtained using both a labo-
ratory AlKa x-ray source and synchrotron radiation. They
both show that Si NW exhibit photoluminescence, albeit
considerably weaker than porous silicon. The AlKa excita-
tion results are reported below and the synchrotron results
will be reported elsewhere.18

It has been established that Si NW prepared according to
the above described procedure tends to grow along the~112!
direction and crystal defects are common,4 although some
other direction has also been reported.2 Si NW is often en-
capsulated with a relatively thick silicon oxide layer, which
probably plays an important role in the one-dimensional
growth.4 For example, it is common to find that a;25 nm
diam Si nanowire has a;5 nm oxide layer.17 To remove the
oxide layer and its effect, we etched the specimens with HF
prior to the measurement. The surface of the HF-etched Si
NW is H passivated. SEM, EDX, and TEM all show that this
procedure removes the oxide layer without altering the mor-
phology of the nanowires significantly. Figure 1 shows the
TEM micrograph of representative Si nanowires of;10 nm
before @Fig. 1~a!# and after HF treatment@Fig. 1~b!#. It is
worth noting that after HF etching, the morphology of the
wires remains intact but the surface becomes very rough and
modulates considerably. Small nodules are also visible.

SiL3,2-edge XAS experiments were carried out at the
grasshopper beamline of the Canadian Synchrotron Radia-
tion Facility located at the Synchrotron Radiation Center,

University of Wisconsin-Madison. A1800 l/mm grating was
used. At a modest slit setting of 30mm, the beamline pro-
vides a photon energy resolution of;0.2 eV at the SiL3,2

edge~;100 eV!. The EELS experiments were carried out at
the City University of Hong Kong using a Philips TEM sys-
tem ~Model FEG-TEM CM200! fitted with an EELS spec-
trometer. The TEM was operated at 200 kV using a beam
current of;0.5 nA and a spectral resolution of;0.5 eV was
used for the EELS. Si NW were placed onto a holey carbon
grid and prepared according to standard procedure. Silicon
nanowires, both stored in the ambient and etched with a HF
solution prior to the measurement, were studied with XAFS
at the SiL3,2 edge and EELS at both the SiL3,2 edge and OK
edge. The energy of the EELS spectrum from different runs
was calibrated with respect to the silicon oxide resonance,
which is a very recognizable feature in SiL3,2 edge
XAFS.19,20 In XAFS measurements, the beam size was;1
mm33 mm. In EELS, both 50 and 10 nm beam were used to
measure a collection of multiple wires and a single nanowire,
respectively. A TEM image of the area of interest~e.g., Fig.
1! was always taken prior to the EELS measurement. Thus
the EELS data are site specific over a collection of several
nanowires or a single nanowire, while XAFS measures the
average over a large number and size distribution. In XAFS,
both total electron yield~TEY! and fluorescence yields
~FLY! were used. The sampling depth of TEY and FLY de-
pends on the penetration depth of the incident photon and the
energy dependent escape depth of yields~electrons and the
fluorescent photons!. At the SiL3,2 edge, the one-absorption
length above the edge is;60 nm. This is long compared to
the electron escape depth but shorter than the attenuation of
the fluorescence photons.19–21 Thus TEY is sensitive to the
surface and near surface region of the wire, while FLY
probes the surface as well as the ‘‘bulk’’.19,20,21,22At these
low photon energies however, FLY suffers greatly from
thickness effects ~self-absorption and chemical
inhomogeneity!.21

The XEOL experiment was carried out in a customer
built surface science chamber which was equipped with a set
of lenses to collect and focus onto the entrance slit of a JY
HA-100 monochromator. The luminescence was detected
with a Hamamatsu photomultiplier tube~R943-02! as de-
scribed previously.20 The XEOL spectrum was obtained by
removing the blackbody radiation background~from the
x-ray filament! obtained with a nonluminescent substrate.
This has little effect on specimens with strong luminescence
such as porous silicon but has some effect~noisier in the
600–850 nm region! on the specimen of weak luminescence
such as Si NW.

RESULTS AND DISCUSSION

Figure 2 shows the SiL3,2 edge XAFS of two Si NW
samples with nominal diameters of 26 and 13 nm together
with that of a Si~100! wafer and a porous silicon. All speci-
mens had been etched with HF prior to the measurement.
The XAFS for the ambient Si nanostructures~not shown! are
dominated by the oxide signal~see Fig. 4! and the presence
of the oxide encapsulated, unoxidized portion of the Si NW

FIG. 1. ~a! TEM of a single Si NW~;11 nm in diameter! from an ambient
specimen.~b! TEM of Si NW ~after HF etching! with diameters varying
from 5 to 10 nm. Notice that the surface becomes rugged after etching and
that nm nodules are clearly visible. The scale applies to both images.
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is not always clearly noticeable. A couple of interesting fea-
tures from Fig. 2 can be noted. First, there is no noticeable
shift in the edge threshold~inflection point! of Si NW rela-
tive to Si~100! despite a less-steep edge-jump profile, while
porous silicon exhibits a noticeable blueshift indicating the
opening of the band gap as reported previously for Si
nanostructures.10–16 Second, the doublet features centred at
;101.5 and;103 eV in the Si~100! spectrum become
blurred in Si NW and disappear entirely in porous silicon.
The doublet features in Si~100! arise from a dipole transition
from the 2p shell ~2p3/2 and 3p1/2 separates by 0.6 eV! and
band structure effects~there are in fact three sets of doublets,
up to ;104 eV, corresponding to the unoccupied states of
primarily s character in the conduction bandD1 , L1 , andL3

bands for example, the first two sets overlap slightly!. A lack
of or a blurred doublet is associated with the deterioration of
long range order in the crystal lattice, surface effects, and
chemical inhomogeneity.17,20,22

It is puzzling though not unexpected that the Si NW
specimen exhibits no noticeable blueshift at the SiL3,2 edge
threshold~Fig. 2!, as expected for quantum confinement. It is
not unexpected because the nominal diameters of these
nanowires are larger than the much smaller nodules in po-
rous silicon and single nanocrystallites~,5 nm!.8,9,13,14It is
puzzling because all the quantum confined Si systems, such
as porous silicon,10,11 single Si nanocrystallites12–14 and
Si/SiO2 quantum wells,14,15exhibit photoluminescence in the
visible and band gap opening as measured in SiL3,2 edge
blueshifts among other techniques.5 As noted above, these Si
NW exhibit luminescence in the visible with synchrotron and
Al Ka x-ray excitation. A XEOL spectrum of the 26 nm
specimen excited using an AlKa x-ray source clearly shows
luminescence in both UV and visible~Fig. 3!. Upon HF etch-
ing the luminescence at the shorter wavelengths~295 and
460 nm! diminishes but the visible~;530 nm and above!
remains. This result indicates that as-prepared Si NW con-
tains small unoxidized Si nanocrystallites that contribute to

the luminescence, a quantum confinement behavior. The
short wavelength luminescence probably has its origin from
the presence of the oxide layer.23 More experiments will be
needed and the detailed analysis will be published
elsewhere.18 The lack of blueshift in the XAFS of the Si NW
in Fig. 2 almost certainly arises from the fact that XAFS
measures the average properties of a large number of Si NW
of various sizes. It is conceivable that while only a certain
portion of the Si NW specimen~grain size,5 nm! exhibits
quantum confinement and contributes to the luminescence,
the XAFS signal is dominated by the majority of larger non-
luminescent crystallites in the wires. Thus, a nanobeam, site-
selective EELS study would be needed to provide the much
needed spatial resolution.

Figure 4 shows the SiL3,2 edge and OK edge EELS
from multiwires at various spots of an Si NW specimen
~11–15 nm! from a HF refreshed~top spectrum! and an am-
bient sample~no HF refreshment! using a 50 nm beam~cov-
ering 3–5 wires!. The spectral features characteristic of Si
and SiO2 absorption are marked with vertical lines. The first
resonance~marked at the inflection point of the rising edge!
at the SiL3,2 edge corresponds to the 2p to s transition from
the unoxidized Si to the bottom of the conduction band. Thus
the position of the rising edge can be used to monitor the
movement of the conduction band resulting from quantum
confinement. Since all the unoxidized portion of the nanow-
ires is essentially crystalline Si, no significant 2p core level
chemical shift is expected and a blueshift of the position of
the SiL3,2 edge-jump relative to that of bulk Si can be asso-
ciated with the upward movement of the conduction band
upon decreasing size~evidence for quantum confinement!.
This movement is also reflected in the luminescence spec-
trum. The second resonance~marked at maximum intensity!
is characteristic of Si in a tetrahedral oxygen environment
(SiO2). From the varying intensity of the Si and SiO2 fea-
tures, we can see that there is clearly a distribution of wires
with varying size, surface oxide thickness, and orientation to
a lesser extent~gauging from the relative intensity of Si and

FIG. 2. SiL3,2 edge XAS for two Si NW specimens together with those of
Si~100! and porous silicon~p type, 20 mA, 20 min!. The nominal diameters
of 26 nm ~main range: 22–30 nm! and 13 nm~main range: 11–15 nm! are
noted. The vertical lines mark the threshold~inflection point!.

FIG. 3. X-ray excited optical luminescence~XEOL! of a Si nanowire speci-
men ~nominal diameter 26 nm, before and after HF treatment! using an
Al Ka x-ray source. It exhibits luminescence in the ultraviolet and visible.
The short wavelength peaks~;300 and;450 nm! diminish after HF treat-
ment while the 530 nm peak and longer wavelength emission remain.
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SiO2 peaks!.19 The OK edge spectra confirm the relative
presence of oxide on these specimens. This observation is in
good accord with high resolution TEM results.4

Perhaps the most interesting feature from Fig. 4 is that
the presence of SiO2 provides a convenient energy calibra-
tion. In the inset of Fig. 4 the SiO2 resonance maximum is
aligned. We can clearly see that the edge jump~inflection
point! of one spectrum clearly exhibits a blueshift. This ob-
servation, together with the XEOL~Fig. 3! indicates that
there exist nanocrystallites~quantum confined! in these
nanowires, which are responsible for the optical lumines-
cence. Figure 5 shows the SiL3,2 edge EELS of three single
wires with diameters of 50, 30, and 9 nm from a HF-etched
Si NW specimen. All spectra were obtained in the same run
under identical experimental conditions. The XAFS for an
ambient Si~100! wafer recorded in TEY~surface sensitive!
and FLY ~bulk sensitive! are also shown. The edge jump
~point of inflection! of the 50 nm wire is aligned with that of

the XAFS of Si~100! and is used to represent the EELS of a
larger Si NW where quantum confinement is least expected.
In fact this spectrum is nearly identical to that of a Si stan-
dard. A more detailed comparison after the removal of a
linear background is shown in the inset.

Several features are worth noting. First, no oxide reso-
nance in the 105–110 eV region is apparent. This indicates
that the HF treatment effectively removed the surface oxide
layer. Second, the edge profile for the nanowires is signifi-
cantly broader compared to the XAFS edge jump of Si~100!.
This behavior is partly due to resolution and partly due to the
size and polycrystalline effect. The behavior of the profile of
the absorption edge as the size decreases resembles that of
the single nanocrystallites reported by Batson and Heath13 in
that the edge jump becomes more parabolic and blurry as the
size decreases. Third, there is clearly a blueshift at the
threshold of the 9 nm spectrum accompanied by a more
parabolic-like edge jump as judged by the disappearance of
the valley at;105 eV. Although the;1 eV shift shown in
Fig. 4 has large uncertainty~0.2 eV!, the presence of a blue-
shift is clear. This observation immediately indicates the
widening of the band gap in the area of the Si NW investi-
gated. Similar behavior has been observed in related sys-
tems. Batson and Heath13 showed that for a single Si nanoc-
rystallite of less than 5.5 nm, the edge profile becomes more
parabolic and blurry and shifts to higher energy as the size of
the crystallite decreases further. Since the nominal diameter
of the wire ~9 nm! studied here is larger than the required
size for a single nanocrystallite to exhibit the effect of quan-
tum confinement, we propose that the presence of smaller
grains in the 9 nm Si NW is responsible for the observed
blueshift. Based on the effective mass model (E(k)
}(\p)2/2m* R2) and the 1/R2 ~R5radius of the grain! de-
pendence of the shift of the bottom of the conduction band
proposed by Batson and Heath,13 we estimate that a;1 eV
shift corresponds to a grain size of;2.5 nm and a lower
bound of 590 nm for the optical gap. This estimate is in
reasonable accord with theory8 and experiment~Fig. 3!.

SUMMARY AND CONCLUSION

We have reported an observation of the electronic and
optical behavior of a series of Si nanowires using XAFS and

FIG. 4. EELS from a HF-refreshed~top spectrum! and
several regions of an ambient Si NW specimen
~;11–15 nm diameter! at the SiL3,2 and the OK edge
using a 50 nm beam. The characteristic edge resonances
for Si and SiO2 at the SiL3,2 edge are marked with a
vertical line. The inset shows a SiL3,2 edge threshold
blueshift in one of the areas examined.

FIG. 5. EELS of three single Si nanowires of;50, ;30, and 9 nm from a
HF-etched Si NW specimen. The XAFS of a Si~100! wafer recorded in TEY
and FLY mode are also shown. The edge jump of the 50 nm nanowires was
aligned to that of the Si~100!. All EELS spectra were recorded within the
same run with identical experimental conditions. The pre-edge background
is also shown. A more detailed comparison of the edge jump is shown in the
inset.
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EELS measurements at the SiL3,2 edge and XEOL with
Al Ka x-ray excitation. XAFS, a probe for average proper-
ties of a distribution of Si nanowires, shows that the oxide
encapsulated Si in Si NW is crystalline and bulk-like, al-
though there is evidence for a significant degradation of long
range order. Spatially resolved EELS reveals a SiL3,2 edge
blueshift in some as-prepared Si NW and in a;HF refreshed
9 nm Si NW. This observation is attributed to the presence of
a small fraction of silicon nanocrystallite in Si NW, which
exhibits quantum confinement behavior~band gap widening
and luminescence in the visible!. This behavior is not readily
detected in a spatially average technique such as XAFS using
a mm beam~unless a submicron beam from a third genera-
tion source is used!. The properties are detectable however in
spatially resolved and site-specific techniques such as EELS
and XEOL, respectively.
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