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Changes in the Electronic Properties of Si Nanocrystals as a Function of Particle Size
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(Received 31 October 1997)

X-ray absorption and photoemission spectra have been used to measure the band edges of silicon
nanocrystals with average diameters ranging from 1 to 5 nm. We compare the experimentally measured
band edges to recent electronic structure calculations and find that the experimentally measured band
gap is smaller than that predicted by theory. [S0031-9007(98)05892-X]

PACS numbers: 71.24.+q, 73.20.Dx, 79.60.Jv
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The discovery of visible photoluminescence (PL) i
porous Si and ultrafine Si has led to tremendous intere
in their electronic and optical properties [1–3]. It is
generally agreed that quantum confinement caused by
restricted size of the nanometer scale silicon particl
is essential for the light-emitting properties [3–6]. A
prediction of the quantum confinement model is that th
energies of the valence band (VB) and conduction ba
(CB) edges are shifted relative to the bands of bu
silicon, leading to an increased energy gap. To date t
change in the VB and CB edges as a function of th
nanocrystal Si (nc-Si) size has not been experimenta
determined. In this paper, we show how nc-Si wit
a narrow size dispersion as determined by scanned
microscopies can be synthesized in a well-controlle
environment. The electronic structure of the nc-Si
then investigatedin situ using x-ray absorption and
photoemission spectroscopies at beam lines 8.2 of
Stanford Synchrotron Radiation Facility and 8.0 of th
Advanced Light Source.

Silicon nanocrystals were synthesized by therm
vaporization of Si in an argon buffer gas followed b
exposure to atomic hydrogen to passivate the surfa
Synthesis techniques have been reported earlier [3,
The substrate used to collect the nc-Si was a (11
oriented Ge wafer with a native oxide layer, mounted tw
inches directly above the evaporation boat. The size
the nc-Si was varied by increasing (or decreasing) t
Si source temperature or the pressure of the Ar buff
gas. After synthesis, samples were transferred witho
air exposure into the ultrahigh vacuum analysis chamb
The measurements were made so that it was possible
measure both electron yield and photoemission witho
moving the sample, thus removing any possible effects
inhomogeneity on the sample. The resolution is 0.05 e
for the absorption spectra and 0.25 eV in the photoem
sion at a photon energy of 100 eV. X-ray absorptio
spectra were measured by total electron yield.

To measure the size of the nc-Si a highly oriented p
rolitic graphite (HOPG) substrate was used as a witne
sample for each deposition on Ge. The basal plane
graphite was chosen as a substrate because all the ca
bonds in this plane are satisfied; also the surface is atom
0031-9007y98y80(17)y3803(4)$15.00
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cally flat, making it ideal for subsequent atomic force mi
croscope (AFM) measurements of cluster size. Chara
terization of the size and morphology of the synthesize
material was doneex situ using AFM. In Fig. 1(a) we
show an AFM image on nc-Si deposited on HOPG b
evaporation of Si at 1700±C in an argon buffer gas of
112 mTorr. We find the silicon nanocrystals are mobil
on the HOPG and gather at the step edges on the grap
surface or assemble into snowflakelike superclusters [
High resolution AFM shows that each of these structure
is made up of individual nanocrystals in contact with th
surface as shown in Fig. 1(a). An accurate lateral si
is impossible to determine due to tip convolution; there
fore, we use the height mode to determine the size of t
nanocrystals. X-ray diffraction and high resolution trans
mission electron microscopy on these samples verify th
the nc-Si are indeed crystalline and approximately sphe
cal in shape [3]. In Fig. 1(b) we show the distribution in
the diameter of the nc-Si determined from thezscale of the
AFM image, which is calibrated with a set of known stan
dards. The average diameter of the nanocrystals shown
Fig. 1 is 2.4 nm, with distribution in size that is approxi-
mately 25% of the average size. These results agree w
in situ STM measurements reported earlier [3]. The siz
distribution is similar to the log-normal distribution found
in ultrafine metal particles formed by evaporation in a re
duced atmosphere of an inert gas [8].

The SiL2,3-edge absorption is shown in Fig. 2(a) for a
(111) silicon wafer and a nc-Si sample deposited on a G
substrate by evaporation of Si at 1700±C in a 40 mTorr
Ar buffer gas. AFM measurements after spectroscop
characterization show that the average diameter of t
clusters is approximately 1.6 nm. The bulk silicon refer
ence sample was resistively heated to remove the surfa
oxide layer and then passivated with atomic hydrogen
remove the clean surface states [9]. TheL2,3 edge of the
nanocrystalline samples is shifted to higher energy rel
tive to the bulk silicon by 0.25 eV for the 1.6 nm clusters
as expected for quantum confinement, which raises t
energy of the bottom of the conduction band as the nan
cluster particle size is decreased. The energy of t
L edge is obtained by extrapolating the linear part of th
absorption edge just above the threshold to its intersecti
© 1998 The American Physical Society 3803
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flakelike

FIG. 1. (a) AFM image of silicon nanocrystals on the basal plane of HOPG formed by evaporation of Si at 1700±C in an argon
buffer gas of 112 mTorr. Note how the nanoclusters gather at the step edges on the graphite surface or assemble into snow
superclusters. (b) The size distribution of the silicon nanocrystals determined from the AFM height mode.
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with the baseline formed by the linear extrapolation of th
pre-edge part of the spectrum. The shift of the band ed
is defined as the difference between this extrapolation f
the silicon nanocrystals and that for the bulk silicon. Th
well defined double threshold behavior associated with t
0.6 eV splitting of the Si 2p core level is less pronounced
in the L edge of the nanocrystals, and the onset of the a
sorption edge in the nanocrystals is not as sharp as tha
the bulk silicon. We attribute these features to a distrib
tion of quantum shifts caused by the variation of partic
size within the sample [10].

A photoemission spectrum for the VB of the nc-S
and bulk Si taken at a photon energy of 140 eV
shown in Fig. 2(b). The valence band edge of the n
Si sample compared to the spectra for bulk silicon
shifted down by 0.50 eV with respect to the vacuum
level, that is, an increase of 0.50 eV in the bindin
energy. For all nanocluster samples the valence ba
photoemission spectra were referenced to the Sip
core level photoemission spectrum measured at the sa
photon energy and flux. Thus, the binding energy sh
of the VB is due to electronic structure changes du
to quantum confinement. We measured the top of t
valence band relative to the low binding energy side
the Si core level. Subtracting these two values produc
a valence band energy relative to the 2p core level which
is independent of charging and the Fermi level positio
We define the quantum shift in the valence band
the difference between the valence band edge measu
relative to the 2p core level for the Si nanoclusters and
the corresponding quantity for bulk silicon. It should
be noted that the effects due to charging, if any, we
minimal in all nanocluster photoemission spectra [11
The peak in the nc-Si photoemission spectrum at 7 e
binding energy could be due to Si-H bonding feature or
the oxygen 2p orbital [12,13]. A small chemically shifted
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component we believe due to SiOx is also observed in
the 2p core level. Yet we do not see any silicon oxide
features at 106 and 108 eV in the more bulk sensitiv
L-edge absorption spectrum [14]. This suggests that th
oxide is on the surface of the clusters and the hydroge
passivation of the surface is not complete during th
cluster synthesis. The valence band photoemission
particularly sensitive to even a fraction of a monolaye
of surface oxygen because the oxygen2p orbital has a
significantly higher cross section at 140 eV photon energ
than the Si3s and3p orbitals which make up the valence
band [15]. We estimate the surface oxide coverage to b
approximately1

2 of a monolayer and not a factor in the
measurement of the VB maximum. We note that recen
bulk sensitive and element specific soft x-ray fluorescenc
measurements of the valence band of silicon nanocluste
also show a shift in the VB maximum that is comparable
to the photoemission results [6]. This confirms that th
photoemission measurement is measuring the true silic
valence band shift, not just a surface state or surfac
species.

If the observed VB or CB shifts are due to quantum
confinement, one would expect the size of the band shif
to increase as the particle size of the nanocrystalline Si
decreased. This observed effect is shown in Figs. 3(
and 3(b) where we plot the shift in the conduction
band edge and the shift in the valence band edg
for Si nanocluster samples with different average size
The error bars in the energy axis of Figs. 3(a) an
3(b) indicate the measurement accuracy in determinin
the CB minimum, VB maximum. The horizontal error
bars represent the full width at half maximum of the
size distribution of the silicon nanoclusters. The x-ray
absorption spectra has been modeled for several samp
using a carefully measured size distribution and the be
fit to the data in Fig. 3(a). We find that the absorption
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FIG. 2. (a)L2,3 absorption spectra for bulk Si and nc-S
deposited on oxidized Ge with an average diameter of 1.6 n
(b) Photoemission spectra for the valence band of bulk Si a
the nc-Si with average diameter of 1.6 nm. The VB spect
were referenced to the Si2p core level.

edge of the model spectra falls within the error bars
the experimental data [16]. The solid squares in bo
plots are theoretically predicted CB and VB shifts from
a pseudopotential calculation of the electronic structure
spherical silicon quantum dots terminated with hydroge
[17]. The calculated size dependence of the CB minimu
and VB maximum was found not to depend on th
geometric shape of the quantum dot; similar VB and C
shifts are calculated for square and rectangular quant
dots. We note that the trend with cluster size of th
experimental data looks very similar to the theory, bu
it is shifted down on the diameter scale by approximate
1 nm in the CB and 0.5 nm in the valence band. Th
calculated value for the conduction band shift include
a Coulomb correction term to account for the electron
hole Coulomb binding energy in the quantum dot. Yet
should be noted that the correction term assumes the h
to be in the valence band rather than the2p core level
which is the final state of the x-ray absorption process.

In the inset of Fig. 4 we plot the CB shift as a function
of the valence band shift and show that the energy shift
the CB is correlated to the energy shift in the VB edg
All data points lie on a solid line with slope equal to two
within experimental error. This ratio is in good agreeme
with earlier measurement of the ratio of VB shift to CB
shift for porous silicon [11]. Various electronic structure
calculations also predict a ratio of two for the valenc
to conduction band edge shifts in silicon quantum do
[17,18]. The band gap of the silicon nanoclusters can
determined by adding the measured conduction band s
to the measured valence band shift and the band gap
bulk silicon. For samples for which only the CB shift is
known from core level absorption, an estimate of the ba
gap is obtained from

Egap  3DCB 1 1.1 eV ,

since the VB shift is equal to twice the CB band shif
In Fig. 4 we plot the band gap of the nanoclusters
a function of the measured diameter, and compare t
i
m.
nd
ra

of
th

of
n
m
e
B
um
e
t

ly
e
s
-

it
ole

in
e.

nt

e
ts
be
hift

of

nd

t.
as
his

FIG. 3 (a) The conduction band (CB) edge shift and (b) th
valence band (VB) edge shift as a function of nanocrystal d
ameter. The solid squares represent the theoretically predict
VB and CB edge shifts for a hydrogen terminated spherical sil
con quantum dot.

data with recent PL and extended x-ray absorption da
from oxygen terminated silicon nanoclusters [19] and with
theoretical results for spherical silicon clusters terminate
with hydrogen [17]. We find that the photoemission
band gap agrees with the data from Schuppleret al. for
particle sizes smaller than 40 A [19]. Those author

FIG. 4. Band gap of the nc-Si as a function of particle size
Photoelectron data are given by the open circlessDCB 1
DVB 1 1.1 eVd and filled circless3DCB 1 1.1 eVd; the PL
data of Schuppleret al. [18] for oxidized silicon nanoclusters
is given with the filled squares; the pseudopotential calculatio
of Wang [16] is given with the filled diamonds and the cubane
data [21] are given by the filled triangle. Inset: The CB shift
versus the VB shift for a series of nanoclusters. The solid lin
represents a 2:1 ratio between the VB shift and the CB shift.
3805
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point out that correlations between average size and
are unreliable for particles of,80 A or greater because
their size distribution is too broad. Also there is som
question as to whether the PL from nc-Si terminate
in oxide is a direct band to band transition or if the
surface oxide is somehow responsible [20]. The gene
trend of the experimentally determined band gap as
function of size agrees with the theory but in all case
the calculated band gap is larger than the measured ba
gap. This may, in part, be due to the fact that th
clusters in the calculation are perfect spheres terminat
with hydrogen, whereas the measured clusters have
unknown surface reconstruction that has at least a par
monolayer of oxide on the surface. It is possible tha
there is a substrate-cluster interaction and the conta
surface of the cluster is flattened due to these conta
forces. This would cause the cluster height measur
by the AFM to be smaller than the actual diameter o
the nanoclusters. This effect has been observed in rec
TEM and AFM measurements of gold clusters deposite
on the surface of HOPG [21]. It was found that the AFM
measured diameter of the gold cluster was 10% smal
than that of the TEM result. This effect is not large
enough to explain the difference between experiment a
theory. A further source of uncertainty is the effect o
contact between the clusters deposited on the substra
It is interesting to note that recent soft x-ray emissio
measurements on a cubic Si8 cluster, octasilacubane, has
reported the band gap to be approximately 2.7 eV [22
This agrees favorably with an extrapolation of the trend o
the experimental data to a size of 0.5 nm, the approxima
size of Si8.

In conclusion, we were able to synthesize silico
nanocrystals with a fairly selective size as measured w
an AFM. We observed shifts in both the CB and th
VB edges, indicating quantum size effects in the ban
structure of the nanocrystals, and, for the first time, w
were able to correlate these shifts with a known siz
of nanocrystals. We find the general trend of the ban
gap versus size curve agrees well with theory, but in a
cases the experimental band gap is smaller than wha
predicted by theory.
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