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We report a soft x-ray excited optical luminesceli¥&OL) and x-ray emission spectroscof¥ES) study
of silicon nanowiregSiNW) with excitations at the silicoi andL; , edge, respectively. It is found that the
XEOL of SINW exhibits several luminescence bands~at60, ~530, and~630 nm. These luminescence
bands are broad and are sensitive to thesSiXcitation channe(Si versus SiQ whiteline). These chemical-
and morphology-dependent luminescences are attributable to the emission from the encapsulating silicon
oxide, the quantum-confined silicon crystallites of various sizes embedded in the oxide layer, and the silicon-
silicon oxide interface. XES clearly shows the presence of a relatively thick oxide layer encapsulating the
silicon nanowire and the densities of states tailing across the Fermi level. The implications of these findings to
the electronic and optical properties of silicon nanowires are discussed.
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INTRODUCTION tallite size-dependent blue shifts relative to the indirect band
The discovery of luminescence from porous silidoa, 9aP energy of bulk silicol.1 eV), due to quantum confine-
mesoporous hetwork of interconnecting silicon nanowiregnent that opens the band gap V\éhen the size becomes signifi-
with pillars and nodules of the size of the order of ien  cantly small(of the order of nm® In addition, the capping

quantum spongeand the observation of light-emitting prop- oxide layer is amorphous and contains suboxides and oxide,
erties from a Si-based multiplayer superlattice which also contribute to the luminescericé! It is expected

(quantum-well¥ and nanoclustergquantum dots* have that the light-emitting properties of silicon nanowires are
led to a large amount of exciting reseafcihe interest similar to that of other Si nanostructures, although relatively
arises from the observation that bulk silicon, an indirect bandew studies are knowH-12In this paper, we report a study of
gap material, does not exhibit luminescence in the visiblesilicon nanowire (henceforth denoted SiNWusing two
spectrum, whereas porous silicon and other silicon nangghoton-in photon-out techniques: x-ray excited optical lumi-
structures do, even at room temperattifeThus, there is a nescence (XEOL)®® and x-ray emission spectroscopy
great potential to develop nanoelectronic devices with siliconXES).314-17

nanostructures. More recently, techniques to fabricate silicon The XEOL technique monitors the optical response of a
nanowire, a very desirable configuration for nanodevice indight-emitting material by tuning the x ray to the energy of a
terconnect applications, were reporfedn addition to pho-  specific excitation channele.g., theK-edge threshold at
toluminescence, all of the above-described Si nanostructures1839.6 eV corresponds to the excitation ofselectron in
have the following two features in commaa) they all con-  crystalline Si to the bottom of the conduction barehd
tain quantum-confined elemental silicon structures of the ormonitoring the luminescence with an optical monochro-
der of nm dimension, an¢b) they are often capped by sili- mator, typically in a range of 200—900 nm. When the exci-
con oxide. The light-emitting properties of porous silicon, tation photon energy is tuned across an absorption edge, the
silicon superlattices, and nanoclusters, are reasonably wedltom of interest absorbs an increasing fraction of the incom-
studied®>8The luminescence exhibits a wide range of crys-ing photons abruptlyan edge jump exciting a core electron
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to an previously unoccupied state above the Fermi levelstudy of the electronic structure of a similar batch of
Thus, the involvement of an atomic orbital of the absorbingsamples. The specimen investigated here has a nominal di-
atom in the excited statge.g., the partial densities of states ameter of~13 nm, of which there is a silicon oxide outer
of a Si 3 character in the conduction band, or the contribu-layer of ~3—4 nm, as revealed by TEM:2°It is well docu-
tion of a carbon P orbital to the LUMO(lowest unoccupied mented that the morphology of SiNW depends on the
molecular orbital] in the luminescence chromophofthe  method of preparatiofi!2 It should also be noted that SINW
band gap or the LUMO-HOMGhighest occupied molecular specimens, even from the same preparation, comprise a dis-
orbital) emission) will contribute to the site and excitation ihytion of wires of slightly different size and morphology.
channel specificity of the luminescente'?® The relative 11,5 the XEOL results, unlike high-resolution TEM, which
Jooks at a single wire, represent the average optical proper-
ties of the SINW specimen under investigation. The XEOL
of the as-prepared SiNW, dispersed on a stainless steel sub-
o O%rate and excited with selected photon energies across the
channel specific processes.

In the soft x-ray region, this technique is very desirables' K edge, were first obtained at the 4-ID-C spherical grating

because the excitation is often associated with shallow core onochromatokSGM) beamline c_>f the Advanced Ph_oton
ource(APS) at the Argonne National Laboratory using a

These levels are generally immediately below the valenc
band, and have large cross sections and a narrow lifetim4e"y small beani~0.1 mm), and later at the Double Crystal

broadening for high-sensitivity spectroscopic studies. Thé“lonochromatoDCM) beamline of the Canadian Synchro-
threshold excitation of shallow cores creates a core hole ani@on Radiation Facilit CSRP at the Synchrotron Radiation
an electron in the previously unoccupied state above th&enter (SRO, University of Wisconsin-Madison, using a
Fermi level(or LUMO and LUMO plus in molecules The ~ much bigger beangseveral mm Both measurements yield
core hole is unstable and is filled in a deexcitation processimilar results at first glance. A close examination reveals
with electrons from the inner valence and the valence shellsome noticeably different features, which reflect the chemi-
leaving holes behind. This primary process results in holes ically inhomogeneous morphology and the nanocomposite
the valence ban@HOMO in moleculey and electrons in the nature of the specimefsee below. The XEOL of the same
conduction bandLUMO in moleculeg, which can recom- specimen, before and immediately after a HF treatment for
bine radiatively. The Auger electrons associated with thehe removal of the surface oxide, was obtained at SRC.
corehole decay can also create holes and electrons in the Figure 1 shows the high-resolution transmission electron
valence band and the conduction band, respectively, as the¥icroscopy(HRTEM) and energy dispersive x raDX) of
thermalize in the solid. In soft x-ray excitation, Auger decayj typical SINW before and after HF treatment. The HF pro-
is the dominant deexcitation process and the Auger electrongqure in this case clearly shows that the technique removes
are of relatively low energy and the secondary process has gt of the surface oxide and that the crystalline nature of
short attenuation length, typically of the order of 1 nm. Thus, he SINW remains intact. It must be noted that, due to the

both the primary and secondary processes provide a hi ze distribution and the variable morphology, it is difficult to

deg_ree of site spe_cn‘lplty. S|m|Iar arguments apply to the for'remove all the oxides from all the nanowires in a macro-
mation and deexcitation of excimers, exciplexes, and defects

of which the quantum yield depends on the nature of theSCOpiC s_pecimen suc_h as the one used i.n the present measure-
excited statd®19 ment without washing away a considerable amount of
The photoiuminescence yie{®LY) can in turn be used to samples. Thus, a mild treatment was used here to ensure that

record x-ray absorption fine structuf§AFS) that provides SOMe oxides are removed, but there is still enough sample
structural information for the absorption site that is responf€maining to provide sufficient sensitivity. The XES of a
sible for the luminescenceAs noted above, XEOL is par- SPecimen from the same batch was obtained at the BL 8.0.1
ticularly sensitive in the soft x-ray region where secondaryof the Advanced Light SourceALS) at Lawrence Berkeley
processes, which also contribute to luminescence, have shdwational Laboratory.

attenuation lengths.

In XES, the fluorescence x rays from the decay of a shal-
low core hole produced by the absorption of x rays, is
measured®16 If the core level is just below the valence  Figure 2 shows the XEOL of SINW excited with photon
band, the XES maps the densities of sta@®S) of the energies from below to above the ISiedge. The SK-edge
valence band(e.g., the XES from the decay of the x-ray absorption near edge structypANES) is shown in
Si L3 -core hole of Si yields the partial DOS of the valenceinset(a). The first resonance above the edge probes thg@Si 3
band of Sj.3%5-7It is a desirable alternative to photoemis- character in the conduction band of the elemental Si in
sion measurements, since nanostructures often exhibit se&iNW. In bulk silicon, this peak appears as a doulgbetnd
ous charging behavior due to a Coulomb blockade, and thstructure effegt that blurs in nano silicoR2° The intense
relatively large escape depth of the emitted photons allowpeak at 1847.5 eV is the SjQvhiteline (WL) arising from a
us to see through the encapsulating layers. 1s to t, (p character transition of Si in a locally oxygen

environment.
EXPERIMENT It should be noted that the site and channel specific exci-

The SINW specimens used in this investigation were pretations discussed here are the dominant excitation channels,
pared with a laser ablation technique, as described in a recehut they are not the only channels that are excited at that

either due to the recombination of a hdl® in the valence
band and an electrofe) in the conduction band, or due to
defects, can be monitored through these site and excitati

RESULTS AND DISCUSSION
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FIG. 1. The TEM and EDX of SiNW, shown in the left panel as prepared and in the right panel after HF treatment.

energy. For example, below the Kiedge(e.g., 1830 ey,  and solution-grown SiNW1222-25]t should be noted that
all the Si 2, O1s, and valence band electrons are excited taabove the Si threshold and below the $SML, [inset(a)],
the continuum, and the radiative deexcitation produces lumielemental Si absorbs most of the photons. However, when
nescence. At the first W(1842 eV}, the Si k-p DOS tran-  the silicon oxide channel turns on, both the Si and Si@
sition of elemental Si turns on, and absorbs most of the incompeting for the incoming photons. The absorption at the
coming photons, since its cross section is much larger thagiO, WL will facilitate luminescence from the oxide chro-
that of the shallower levels and the valence band. Atmophore if the process has a high quantum yield, as is ob-
1847.5 eV, the & 3p transition of the silicon oxide becomes served.
a dominant channel, theslpper-band transition for the el- It is also of interest to ask whether or not thet60 nm
emental Si, though less competitive, still takes place. band can have its origin in elemental silicon as well, since Si
The luminescence spectrgnormalized to photon nanostructure is known to have a widely tunable range in its
flux, lp) in Fig. 2 show three major broad bands photoluminescenceand the intensity of the 460 nm band is
at ~460 nm(2.7 eV), 530 nm(2.34eV} and 630 nm noticeable when excited at the elemental Si channel
(1.97 eV). The intensity and the branching ratio of the (1842 e\j. A comparison of the luminescence from 1830 eV
2.7 eV peak reaches a maximum whenhedge channel of (below the SiK edge to 1842 eV(elemental Si W excita-
silicon oxide turns on at 1847.5 eV. This is illustrated in tion clearly shows an enhancement in the branching ratio of
inset(b) by the difference curvépeaks at 460 ninbetween the 460 nm peak, suggesting that small Si nanocrystallites
the 1847.5 eMSiO, WL) and the 1842 e\(Si WL)-excited  also contribute to the luminescence in this region. In fact, it
luminescence. We attribute the 2.7 eV peak to the lumineshas been observed that porous silicon exhibits overlapping
cence from defects of the encapsulating oxide. This 2.7 e\silicon oxide and nanosilicon luminescence bafids.is in-
luminescence is commonly observed in silica glass, and hagresting to note that the site specificity of XEOL in SINW is
been attributed to the triplet-to-ground-state luminescencéess dramatic than in porous silicBihis may be attribut-
from a SiQ defect involving a bridging oxygen vacancy able to the low quantum yield of the crystalline Si in the core
between two adjacent $=Si-Si=).2124 Luminescence at of the SiNW, of which the size is too large to exhibit the
similar wavelengths has also been observed in porous silicoguantum confinement effect.
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FIG. 2. Normalized XEOL of SiNW excited at photon energy Photon Energy (eV)
across the SK edge. The TEY XANES and the difference curve
between the luminescence of the gi@nhd Si white line excitation
channel are shown in inseta) and(b), respectively. The baselines
have been shifted vertically for clarity. The dark count is
~150 counts/s. electron-hole recombination in small crystallites that are em-

bedded in the oxide layer of the SiNW, instead of the Si core.

Figure 3 shows the PLY of the 8i-edge XANES moni-  This is because the required crystallite size to exhibit lumi-
tored with total(zero ordey and wavelength-selected lumi- nescence, based on the quantum-confinement model, has to
nescence. The total electron yig(@EY) and fluorescence be significantly smaller than the diameter of the nanowire
yield (FLY) XANES are also shown. We see that in the (~10 nm). For example, a 2.33 e¥630 nn) gap would cor-
surface-sensitive TEYprobing depth~nm), the edge-jump  respond to a~2 nm crystallite according to recent experi-
ratio of silicon/oxide is~1:1 and increases t6-2.5:1 in ment and theorg/?—mThe 630 nm luminescence is less sen-
FLY and zero-order PLYprobing depth~10—1¢ nm).° The  sitive to the excitation energySiO,/Si WL height ratio
edge jumps of the latter two are good representations of the-0.8) and is attributed to interface defects between Si and
composition, since these techniques are more bulk sensitiveilicon oxide, and suboxide and quantum-confined silicon
The most interesting features are seen in the wavelengtierystallites with a slightly larger size>2 nm). This notion is
selected PLY, where the 460 n@.7 e\) PLY exhibits the  also borne out in the increasing luminescence intensity going
most intense oxide WESIO,/Si WL height ratio=1.3, com-  from excitation at the SK edge (1842 eV} to above the
pared to 1:1 in FLY and 0.9:1 in zero-order Pl Yvhereas edge, as shown in Fig. @nsed.
the 530 nm PLY is the least inteng&iO,/Si WL height Figure 4 shows the XEOL of the SINW recorded at SRC,
ratio=0.9. This observation indicates that the luminescenceyefore and after the specimen was treated with a HF solution.
at 460 nm(2.7 eV) favors a silicon oxide origin, while the The corresponding TEY is shown in the inset. The HF pro-
530 nm(2.33 eV} peak is attributable to elemental Si. It cedure was intended to remove the surface oxide, which is
should be cautioned, however, that the intensity of the elrelatively thick (several nm, see Fig.)land is often an es-
emental resonancél842 eVj in the 460 nm vyield is still sential part of the growth of SiNW. Before HF treatment,
quite strong, indicating that luminescence at this wavelengtithe spectra for the as-prepared samples are, at first glance,
from still smaller crystallites is probable. We will return to similar to those recorded at the APS. A close examination
this point later. reveals a noticeable but significant difference, which is at-

The photoluminescence observed here is significantlyributed to the combined effect of the sampling of a much
blue shifted, relative to the indirect band gap of bulk siliconlarger aregseveral tensof the specimen in the SRC experi-
(1.1eV) and that of typical porous silicon samples ment, the ambient atmosphere, and the slightly different ex-
(600—700 nm or 2.07-1.77 @Vbut is within range of the perimental configuration. The differences and their implica-
direct gap at thd” point of the Si band structure and what tions are addressed below.
has been observed in many nanosilicon systems with a small Figure 5 compares the XEOL of the ARBig. 2) and the
crystallite size»??2 We attribute the 530 nm peak to the SRC (Fig. 4) experiments excited at the silicon oxide, and

FIG. 3. SiK edge XANES of Si nanowire obtained with TEY,
FLY, zero-order PLY, and wavelength-selected Riat APS.
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FIG. 4. Normalized XEOL of SiNW beforgop) and after(bot- ) f XEOL ded at APS and SRC
tom) HF treatmentat SRQ. The TEY XANES beforegsolid circle) _ FIG. 5. Acomparison o recorded at an ex-
and after the HF treatmenopen circlg is shown in the inset. The cited at 1847.5 gnd 1842 eV. The open circles represent the APS
baselines have been shifted vertically for clarity. data; the black circles represent the SRC data.

difference curve reveals an emission at 440 nm, which has a

the elemental silicon WL excitation channel just above the Smaximum branching ratio at 1841.5 ethe elemental i
K edge. As noted above, the difference between these twexcitation. This peak can be associated with the emission
experiments is that the latter samples a much larger area arfidom still smaller Si nanostructurgs<2 nm) embedded in
that the specimen had been stored in the ambient for a periatle amorphous silicon layer, which was then washed away
of time (several monthsafter the APS run. It can be seen upon HF treatment. After HF, the difference curve clearly
that at the 1847.5 eV excitatigthe dominant Si@channe), shows the dramatic enhancement of luminescence at 450 nm
both experiments show very similar results. However, thevhen the excitation energy changes from 1841.5 to
1841.5 eV excitationlelemental Si nanostructure channel 1847.5 eV (the silicon oxide channgl Thus, for the HF
reveals a significant difference, i.e., that the short wavelengttreated sample, the 450 nm can be attributed to oxide lumi-
band from the SRC run is sharper, and the maximum is idenaescence with confidence. The 530 nm peak was also en-
tified at ~480 nm. Also, its branching ratio is considerably hanced, but with a smaller branching ratio, consistent with an
larger than that of the APS run. In fact, it shows the oppositesarlier assignment to small Si nanoparticles.
trend of that of the APS resu(Fig. 2, inset h. This obser- Returning to Fig. 4, several other spectral changes after
vation indicates that the morphology of the SiNW, on aver-HF can be identified. First, the edge jump for the elemental
age, and hence the luminescence properties we were meas@i-(insej increases by a factor of 4 relative to the oxide,
ing in the SRC run, are not exactly the same as the region adlthough as can be inferred from the Si@hiteline at
the specimen we sampled in the APS run. This is possiblel847.5 eV, a considerable amount of oxide remains. It
given the distribution of sizes and morphology in a macro-should be reiterated that as attempt to remove all surface
scopic sample, the much larger sampling area in the SRGxides with an excessive hf treatment would likely wash
experiment, and that the sample had been irradiated and theway the specimen entirely, since the macroscopic specimen
stored in the ambient for months, which may result in furthercontains a distribution of SINW of a slightly different size
oxidation. and morphology. Thus, a modest HF treatment was applied,

Figure 6 shows a comparison of the XEOL excited withwhich did not completely remove all the surface oxide. Sec-
1847.5 and 1841.5 eV photons from the SRC experimenbnd, the overall luminescence intensity decreases by an order
before and after the HF treatment, and corresponding differef magnitude after the HF treatment, consistent with the fact
ence curvegoxide-Si excitation Before HF treatment, the that some samples were dissolved and washed away. Third,
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FIG. 6. A comparison of the XEOL data from SRC excited at by a thermal evaporation method with a fluctuating carrier
1847.5 eV(oxide) and 1841.5 eMelementa) excitation channels. gas pressur& This type of SINW consists of an amorphous
The difference curves are also shown. silicon oxide chain linking Si nanoparticles of the size of
several nm. These particles are totally embedded in the

In add'.t'on to_thg luminescence at450 nm, of W.h.'Ch the. amorphous silicon oxide chain with a nominal diameter of
branching ratio increases dramatically at the silicon oxide

whiteline (1847.5 eV as noted abovéFig. 6), the 530 nm ~16 nm and a separation 6f20 nm between Si nanopar-

emission becomes less intense and the 630 nm peak becorr%gles' Figure 8 shows the XEOL of the chainlike SINW ex-

a tailing feature. We attribute this observation to the loss oP'tSed at the Si@ (1848 eV and the (_ale_mental 31841 eV
both Si nanocrystallites and silicon oxide luminescence site&Sonance. It looks remarkably similar to the HF-treated
due to HF treatment, which might also introduce new de>INW (Figs. 4 and § while the elemental Si edge jump in
fects. However, the HF must have removed a significant porthe 460 nm PLY(not shown of this oxide-dominated speci-
tion of the nano Si crystallites, and the associated siliconmen is negligible’? unlike Fig. 6.
oxide interface(suboxidg in the amorphous silicon oxide
layer responsible for the 440 and 530 nm, and the 630 Nnm 3500 460 nm
luminescence, respectively. This suggests that the smaller S ] ‘
nanoparticles are very close to the surface of the oxide layer  apg0
The silicon oxide excitation channel enhanced luminescence l
at 450 nm after the HF observed in Figs. 4 and 6 must COMES ;500 |
from the remaining oxide layer on the SINW surfgaeset,
Fig. 4). The corresponding PLY XANES shown in Fig. 7 also
reflect the dominance of the oxide luminescence, as the pho2
toluminescence response to the silicon oxide whiteline exci-
tation is clearly present in all luminescence channels, includ-
ing the 530 nm, which is now a minor component, and
overlaps with the tail of the intense oxide luminescence. The
elemental Si WL observed in the PLY must arise largely 500 P
from the secondary contribution of the absorption of the core 200 300 400 500 600 700 800 900
silicon, of which the dimension is too large to exhibit the
effect of quantum confinement.

The oxide origin of the 460 nm luminescence was re- FIG. 8. SiK-edge excited XEOL of a chain like SiNW excited
cently demonstrated in a chainlike silicon nanowire preparect the oxide and the elemental channel.
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A of the XES at resonance will be dealt with elsewh&r&he

PN Si(100) spectrum shows a three-peak pattern characteristic of
: ] the sp band of bulk silicon below the Fermi lev&#:" The

SINW XES exhibits several interesting features. First, the

0 .,-'A‘-.\/,:' 5 S0 as-prepared SINW has a significant amount of oxide, as can
| __:' i "-,‘ z be seen in the region closest to the Fermi level. Second, there
; . '.f;:”a v, \ are _dgnsmes of states tailing .towards th_e Fermi level, which
// IR exhibits a non-Fermi behavior, and diminishes upon HF
£ &P""',y.,:,? '\',}_ treatment; we attribute these to interfacial states between el-
3 ki s v SNW emental Si crystallites and silicon oxide. Finally, the crystal-
£ J‘\ ’6‘5‘-.‘ {'} line Si XES features emerge after HF treatment. These ob-
20000 j 3 L e ] Vo S servations confirm previous TEM results and the importance
)’f / \ T of the role of oxide layer in the growth of SiN.
| Sy
/ N SLNFW CONCLUSION
We have reported the XEOL of SINW excited at selected
i Siton) 1 photon energies across the KSiedge and shown that the

HF luminescence from these SiINW specimens originated prima-

B & %
Emission Energy [eV]

rily from oxygen deficient sites in the encapsulating oxide,
and from the quantum-confined silicon nanocrystallites en-
capsulated in the oxide layer. Both XEOL and XES show

FIG. 9. The calibrated XES of SiNW, HF-treated SiNW, and that the surface oxide plays a significant role in the electronic
clean S{100). The baselines have been shifted vertically for clarity. Structure and optical properties of SINW. This was recently

The SiG, XES is also shown. confirmed in a related study.
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