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X-ray absorption measurements from H-passivated porous Si and from oxidized Si nanocrystals, com-
bined with electron microscopy, ir absorption, a recoil, and luminescence emission data, provide a con-
sistent structural picture of the species responsible for the visible luminescence observed in these sam-
ples. The mass-weighted average structures in por-Si are particles, not wires, with dimensions signifi-

cantly smaller than previously reported or proposed.

PACS numbers: 78.70.Dm, 61.10.Lx, 61.46.+w, 78.55.—m

The novel properties and possible utility of visible
room-temperature luminescence from anodically grown
porous silicon (por-Si) have generated intense study [1],
from which a growing consensus has emerged for explain-
ing the luminescence with quantum-confined structures
[2,3]. (Luminescence from por-Si passivated with O
rather than H [4] has ruled out a SiH, species, while the
absence of Si-O bonding in x-ray absorption data from
por-Si [5] has ruled out siloxenes.) There remains, how-
ever, a basic lack of knowledge regarding the dimensions
and shape of the species actually responsible for the opti-
cal activity, largely because the material is inhomogene-
ous, but also because there is little direct structural infor-
mation from the region lying within the penetration depth
of the photoexciting radiation. Even for 80% porosity
samples excited by ~350-400-nm light (where the lu-
minescence is a maximum [5,6]), this depth is < 5000 A
[7] and thus not well suited for standard microscopy or
diffraction techniques from as-prepared material. More-
over, Si structures < 20 A, should they be significant, are
beyond practical detection with these methods. Added to
these experimental limitations are theoretical uncertain-
ties in correlating band gap with Si size, where nanoscale
particle or wire dimensions for a given gap vary by more
than 100% [1,8].

We report on x-ray absorption measurements from a
series of oxidized Si nanocrystals, whose shapes and sizes
are known, and from a variety of anodically grown (H-
passivated) por-Si samples. The data, combined with
luminescence emission measurements from each of the
systems, establish new and unexpectedly smaller values
for the average size of Si structures contained within opti-
cally relevant depths of por-Si. In addition, the general
importance of extended wire shapes is ruled out. Our re-
sults have significant implications for describing the ori-
gin of visible photoluminescence from por-Si.

The Si K-edge absorption measurements were per-
formed at the National Synchrotron Light Source using
the AT&T X15B beam line [9] and InSb(111) mono-
chromating crystals. Samples were kept at 77 K to mini-
mize thermal disorder effects [10]. All data were ob-
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tained with total electron yield detection, whose effective
sampling depth in 80% porosity Si is <2500 A [11]. A
variety of por-Si samples prepared under very different
conditions [12] were studied with transmission electron
microscopy (TEM), x-ray and ir absorption, a recoil, and
luminescence excitation and emission spectroscopies. Air
exposure of the freshly prepared samples was limited to
< 10 min in all but the TEM measurements to minimize
O contamination (such effects were easily detectable).
Samples of the O-passivated (air-insensitive) Si nano-
crystals [13] were prepared for x-ray absorption measure-
ments by transferring them as colloidal suspensions onto
graphite substrates.

In Fig. 1(a) we show Si K near-edge x-ray absorption
fine structure (NEXAFS) data from three different sizes
of oxidized Si (0x-Si) nanocrystals, ox-Si,, labeled small
(s), medium (m), and large (/). A fourth, very small
(vs) sample was also measured but omitted in Fig. 1(a)
for clarity. Comparison with data from c¢-Si (freshly HF
rinsed to remove the native oxide film) and bulk SiO,
readily confirms that these are the two main components
in the clusters [14]. The ¢-Si, SiO,, and ox-Si, data have
been normalized to common “edge jump” values mea-
sured > 100 eV above the Si K edge where their x-ray
absorption intensities are structureless, i.e., atomiclike.
The relative concentrations of Si and SiO; in the nano-
crystals are directly proportional to their individual, easi-
ly separable edge jumps [10]. Now, x-ray diffraction,
liquid chromatography, and TEM data [13] show that
the /, m, s, and vs samples are SiO,-coated spheres of Si
whose outer diameters are 96 =19, 45+ 7, 3316, and
26+ 6 A, respectively. From these values, the spherical
shapes, and the measured relative concentrations of Si
and SiO,, we determine the mean inner diameters of the
corresponding Si cores to be 81, 31, 17, and 12 A. These
nanocrystal sizes are plotted as circles in the bottom half
of Fig. 2 versus their measured peak luminescence ener-
gies. The high quantum efficiencies of these particles
(> 25% at low temperatures [13]), the essentially con-
stant oxide thicknesses found here (7-8 A) for very
different diameters, and the well defined trend seen in the
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FIG. 1. (a) Si K-edge NEXAFS data from c-Si, SiO,, and
oxidized Si nanocrystals of different size, labeled small (s),
medium (m), and large (/). (b) NEXAFS data from ¢-Si, a-Si,
and two differently prepared por-Si samples. All data in (a)
and (b) are normalized to unity edge jump.

bottom of Fig. 2 all clearly identify the Si, cores as the
optically active species in these samples.

Normalized NEXAFS data from por-Si appear in Fig.
1(b), along with comparison data from c¢-Si and HF-
rinsed a-Si. For clarity, we show only two of the four
differently prepared samples studied here [12], labeled C
[2] and B [5]. The lack of (Si-O)-related absorption at
~1842-1848 eV, and the qualitatively closer resem-
blance to ¢-Si than to a-Si, are apparent. More detailed
information can be obtained from the corresponding ex-
tended x-ray absorption fine structure (EXAFS) data and
their analysis [10] in Fig. 3. Locally ordered structure in
the por-Si samples is seen from the second- and third-
neighbor shells appearing as peaks at ~3.4 and 4.1 A in
the Fourier-transformed (FT) data [Fig. 3(b)]; such
structure in a-Si is essentially absent, of course, due to
static disorder. Relative to bulk ¢-Si, the apparently
similar reduction of first-neighbor FT peak intensities at
~2.0 A for the por-Si and a-Si samples is better under-
stood by filtering and backtransforming the first-neighbor
shells [Fig. 3(c)]. The peak intensity of the amplitude
function 4(k), which envelopes the oscillatory EXAFS

_x(k), is shifted for a-Si as a result of the Debye-Waller-

1/LENGTH (A™)

0 0.02 004 006 008 010 012 0.14
— T T T T T T
4.0k calculated shapes
| - oor-Si (D) e sphere
L. + cube (100)
L X < rhomb. (110)
L T\ % ‘cube’ (random)
35 - X 4:1:1 sq. prism
g L 1 — .. asympt. cube (100)
b4 I
'5: —por—l& (C)
z [ Ao
i R
c 30l i : e B Xx
S | : . LR
8 por-Si (B) .
= E - POr-Si (A)emmm. R &
R ' : A
+ ' i PN ® g
25 : ; : N
i , . C+o®
r : h | N\ o
I : . ; \
o [l i H .
A
L : : . A(nm)
1 ! '
i @ﬁ’ ! : 900
s 1sf |[B] : ! ]
@ ' [ -
> ® i 800
o : i 4
z + o(e) 1
g | ® i 700
Z s % L
5 20 Si(m) e
a k 600
¥ i Si(s) ”
ffj B Si, (vs) yellow |
o
10 10° 10% )
1 N N L l .‘.NS'
T T 711 T T 1
100 50 40 30 20 15 10
LENGTH (A)

FIG. 2. Top: Correlation between average Si coordination
for particles of different shapes versus their inverse characteris-
tic lengths (diameter for sphere, side for cube or rhombus).
Average includes bulk and surface atoms, which have <4 first
neighbors, explaining trend of lower values with decreasing par-
ticle size. Experimental Si coordinations from EXAFS data of
four differently prepared por-Si samples labeled A4, B, C, and D
are indicated. Bottom: Correlation between average Si particle
size and measured peak luminescence energy. Also indicated is
the total number of Si atoms, Ng;, contained in a cubic particle
of corresponding size. Different sized oxidized Si nanocrystals
labeled vs, s, m, and [ are shown as circles; different por-Si
structures from top figure are shown as squares.

like static-disorder term [10]. Such exponential damping
of high-k scattering is unimportant for k <4 A ™!, so in
that region A4(k) for the a-Si and c¢-Si samples is the
same. This reflects their identical Si coordinations of 4.
By contrast, 4 (k) for the por-Si samples is unshifted rel-
ative to that for ¢-Si and is smaller at all values of k.
This is an obvious indication that the average number of
first-neighbor Si atoms, Ns;, in por-Si is < 4.

The reason for the lower average Si coordination num-
ber and the apparent lack of other first neighbors in the
FT data is that the surface Si atoms are also coordinated
to H (the EXAFS backscattering amplitude of H is negli-
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FIG. 3. (a) Raw Si K-edge EXAFS data from ¢-Si, a-Si, and
two differently prepared por-Si samples. (b) Fourier transforms
of edge-truncated, k 2-multiplied, background-subtracted data
from samples in (a). First-, second-, and third-shell peaks at
~2.0, 3.4, and 4.1 A are uncorrected for phase shift. Artifac-
tual peaks at ~2.5 and 2.9 A are due to truncation. (c) Back-
transformed, filtered first-shell data from (b).

gible). The substantially smaller values of Ws; obtained
by fitting [10] the filtered por-Si data indicate large H/Si
ratios in these samples. For example, N'si=2.85%0.1 in
sample B, meaning H/Si=1.15%£0.1, or an average H
content of 115%. This should be compared with typical
H concentrations of ~10% in device-quality a-Si:H [15].
Forward a-recoil measurements [16], which determine
H/Si directly, give results for the corresponding por-Si
samples that are fully consistent with those from EXAFS.
Furthermore, these integrated H concentrations are con-
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firmed by transmission ir-absorption measurements [17]
(the ir results also show that H from bulk Si or from pos-
sible OH contamination is unimportant in the a-recoil
data).

The large measured H/Si ratios imply large surface/
volume ratios for the representative Si structures, the
average sizes of which are determined in the top half of
Fig. 2. We first plot calculated Si coordinations for dif-
ferent shapes as a function of inverse characteristic di-
mension, or length (i.e., diameter for a sphere, side for a
cube or rhombus). The dot-dashed line, drawn from the
asymptotic limit of Ns;=4 for infinitely large Si dimen-
sions, is extended for (100)-faceted cubic particles of de-
creasing size. The 4:1:1 square-prism shapes are included
to represent prolate particles. All particle surfaces (ter-
minated with H) are ideal. To this calculated plot we
then indicate the Si coordinations measured from the
EXAFS amplitudes in the four different por-Si samples,
labeled A4, B, C, and D (all NVg; values are £0.1). Final-
ly, the average Si particle sizes are obtained from the in-
tersection of mean experimental Si coordinations with the
asymptotic dot-dashed line. These sizes are plotted as
squares in the bottom half of Fig. 2 against the peak
luminescence energies measured in the corresponding
samples. A correlation is obvious.

Before discussing this trend, we point out that the par-
ticle sizes represented by the squares are actually upper
limits. The quoted particle sizes are obtained from the
(100)-cubic asymptote, so any other assumed shape(s)
would clearly lead to smaller sizes. Furthermore, TEM
micrographs of the por-Si samples show them to contain
regions of unetched c¢-Si whose dimensions are substan-
tially larger than 3 nm and whose amounts vary between
10% and 20% depending on the type of sample studied.
These unetched regions separate areas of por-Si struc-
tures too small to characterize easily with TEM. Since
EXAFS measurements average over all the Si structures,
including the contributions from ¢-Si, the reduced values
quoted for Ngi—and thus the mass-weighted average
particle sizes—would be even smaller had these larger
unetched c¢-Si contributions not been included.

The bottom of Fig. 2 displays the important and
surprising result that the relationship between peak lu-
minescence energy and average particle size for the por-
Si samples is very similar to that for the Si nanocrystals.
Indeed, excluding the unetched contributions in our data
analysis for obtaining values of Ns; would make the two
trends virtually indistinguishable. The implication is
clear: Since the luminescence spectrum from a given Si
nanocrystalline particle is directly correlated with its size,
the luminescence spectrum from a given por-Si sample is
also associated with a characteristic Si dimension. Thus,
for example, 720-nm peak luminescence from Si is
representative of a structure whose average size is ~20
A, regardless of how the sample was prepared.

The correlation in Fig. 2 also provides information
about the shape of the Si species responsible for the
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luminescence in the visible region <700 nm (>1.75
eV). If extended, wirelike shapes with aspect ratios
> 4:1 were responsible for the luminescence in these sam-
ples, they would have to be of extremely small dimen-
sions, <10 A. This implies, therefore, that the optically
active structures are generally not extended wires, but
particles. We infer that these particles are predominantly
(100) faceted based on surface sensitive reflection ir-
absorption measurements [18] from the por-Si 4 and B
samples, which indicate H-Si frequencies representative
of SiH; species [(110) or (111) surfaces would exhibit
frequencies associated mainly with SiH]. More general
conclusions cannot be extended to samples luminescing in
the near- and far-infrared region, i.e., > 700 nm, because
the distinction between wires and particles (see Fig. 2) is
less significant.

The average sizes of the Si structures responsible for
the visible luminescence in por-Si are small, well below
easy detection with TEM or diffraction. For example,
Fig. 2 indicates that 2-eV luminescence is associated with
particles of dimensions typically less than 13 A (recall
that the values shown in squares are upper limits). This
is considerably smaller than any size previously associat-
ed with such luminescence. A 13-A cube contains a total
number of Si atoms Nsj= 110 (= 60 for a sphere [19];
see Fig. 2) and a calculated band gap of ~3.8 eV [8],
whereas a 26-A cube has corresponding numbers of
~900 and 2.2 €V. Factors of 2 in size are therefore very
important.

Basic questions about visible photoluminescence from
por-Si still remain. Among these are the possible role of
defect states and radiative traps in determining overall
quantum efficiencies. A complete description of the
visible-luminescence mechanism in por-Si will ultimately
need to address these issues, along with the fact that the
optically active Si species in this material has dimensions
as small as those found here.
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