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Evidence of quantum size effect in nanocrystalline silicon by optical absorption
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The optical absorption spectrum in nanocrystalline silicon (n-Si) was determined from both light transmit-
tance and reflectance measurements. We observed thatn-Si has a phonon structure in the optical absorption
spectrum. This structure originates from momentum-conserving TO phonon absorption and emission, and
provides direct evidence thatn-Si is an indirect-band-gap semiconductor with quantum size effects. By using
small-angle x-ray scattering to measure the nanocrystal size distribution, we found that the band-gap widening
varies as (1/L)1.6 with decreasing nanocrystal diameterL.

DOI: 10.1103/PhysRevB.63.195322 PACS number~s!: 78.67.2n, 61.10.Eq, 61.46.1w,
n
si
el
n
c
-

e-
-

-
fo
in

y
ct
an
iz

n

l
ab
te
rs
e

ts
ct
e
si
in
is

e

e
b

ad-
en
rent
d

ying

by

g a
a

e

onal

e

ple.
e-
ns-

mis-
lso

-

nd
To integrate optical technology with current silico
electronics technology, over the last ten years quantum
effects in silicon nanocrystals have been extensiv
studied.1–3 Many studies have been done to clarify the qua
tum size effects from the point of view of structural chara
terization and optical techniques4,5 such as transmission elec
tron microscopy,6 size-selective precipitation and siz
exclusion chromatography,7 x-ray absorption measure
ments,8 and resonantly excited photoluminescence~PL!
measurements.9,10 In particular, the effect of size of nanoc
rystals on the band-gap widening is of central importance
understanding the confinement effect. Band-gap widen
has therefore been studied by analyzing the PL spectrum
nanocrystalline Si, (n-Si). However, PL originates not onl
from the quantum confinement effect but also from defe
impurities, and surface chemistry. Thus, the study of PL c
not give a clear solution to the problem of quantum s
effects inn-Si.

By doing both transmission and reflection measureme
to determine the optical absorption spectrum ofn-Si,11 we
show in this work thatn-Si made using electrochemica
anodization12 has a step structure and a blueshift in the
sorption edge of the optical absorption spectrum. This s
structure originates from momentum-conserving transve
optical ~TO! phonon absorption and emission, and provid
direct evidence thatn-Si is affected by quantum size effec
and has the nature of an indirect-band-gap semicondu
By using the step structure in the optical absorption sp
trum, even without knowing parameters such as the poro
and the thickness of the film, we can accurately determ
the band gap ofn-Si samples with inhomogeneous size d
tributions.

By using small-angle x-ray scattering~SAXS! to measure
nanocrystal size distributions, we show that the magnitud
the band-gap widening varies as (1/L)1.6 with decreasing
nanocrystal diameterL. This exponent coincides with th
results of theoretical calculations with Coulom
interactions.13,14

Free-standingn-Si films with porosity from 60% to 90%
were formed by anodization of~100!-orientedp-type silicon
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wafers with 1–10V cm resistivity in a HF-ethanol solution
at constant current density of 20 mA/cm2 for 90–105 min.
The HF concentrations, between 20% and 35%, were
justed to obtain the desired porosity. The films were th
detached from the substrates by electropolishing at a cur
density of 700 mA/cm2. These free-standing films were drie
by a supercritical drying process using pentane as the dr
liquid to obtain thick and high-porosity layers.15,16The thick-
ness of these films is in the range of 90 to 100mm. The
porosities of the samples were determined gravimetrically
measuring their weight and volume.

In order to determine the size ofn-Si crystals SAXS
measurements were carried out for each sample usin
pinhole-collimated instrument, Rigaku-PSAXS-3S, with
Cu target. Incident x rays with the wavelength of CuKa
radiation~l50.154 nm! were injected perpendicularly to th
film plane, giving the structural information along the film
plane. Scattered x rays were detected by a one-dimensi
position-sensitive detector placed at 0.5 and 1 m from the
sample.

Transmission~T! and reflection~F! measurements wer
carried out at room temperature~293 K! using a tungsten-
iodine ~WI! lamp and a PbS detector~P2682 of Hamamatsu
Photonics Corp.! for the infrared~0.8–1.86 eV! and a pho-
tomultiplier ~R928 of Hamamatsu Photonics Corp.! for the
visible region~1.85–2.5 eV!. The tungsten-iodine light was
dispersed by a monochromator and focused on the sam
All the scattered light both from transmission and from r
flection was collected using an integrated sphere. The tra
mission spectrum was calibrated by measuring the trans
sion without the sample. The reflection spectrum was a
calibrated by measuring a pressed BaSO4 powder plate as a
standard material. Then the absorbance~ad! was
calculated using the relationT5(12F)2 exp(2ad)/@1
2F2 exp(22ad)#,11 whereT is the measured transmittance,d
is the thickness of the film, andF is the reflectance.

Figure 1 shows SAXS intensitiesI (q) obtained fromn-Si
with porosities ofp563, 79, and 87%, where the wave num
ber q5(4p/l)sin(2u/2) and 2u is a scattering angle. The
scattering profiles have qualitatively similar features a
©2001 The American Physical Society22-1
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FIG. 1. ~Color! SAXS intensitiesI (q) ob-
tained from silicon nanocrystals with the poros
ties of p563, 79, and 87 %, whereq
5(4p/l)sin(2u/2) ~2u is the scattering angle!.
The inset shows the size distribution of nanocry
talline silicon with porosities ofp563, 79, and
87 %.
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they can be divided into two regions on theq axis character-
ized by clear humps aroundq51 nm21. In the higher-q re-
gion, the scattering intensities are proportional toq24, the
so-called Porod law.17 This well-known q dependence im-
plies that the interface between the nanocrystal and the
shows a sharp boundary like a step function. Furtherm
we observed a size dependence of the scattering inten
Reduction of the scattering intensity in the wholeq region
shows a decrease of the scattering volume fraction, indi
ing a decrease of the nanocrystal diameter. This is bec
our small-angle neutron scattering experiments show tha
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scattering signal originates from nanocrystal cores, and
the number of nanocrystals per unit volume is almost
same for all porosities, on the order of 131019cm23. In the
lower-q region, the scattering intensities gradually increa
towardq50 nm21 and the gradient of the scattering intens
decreases as the porosity increases. This result indicates
a small number~about 0.5%! of the nanocystals aggrega
with each other and that the number of aggregated nanoc
tals decreases as the porosity increases.

According to these results, we quantitatively analyze
scattering intensities with a polydisperse hard spher
FIG. 2. ~Color! The square root of the absorption coefficient (a0.5) ~solid black line! and its first derivative@d(a0.5)# ~solid red line!
versus photon energy for bulk Si thin film with 65mm thickness~a!, and for Si nanocrystal of 2.43 nm diameter~b!.
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nanocrystalline model.18 The scattering intensityI (q) is ex-
pressed as

I ~q!5C1E
0

`E
0

`

S~q8!W~q8,q!N~R! f ~q8,R!2dq8dR,

~1!

where S(q8) is the structure factor for the hard sphere
W(q8,q) is the resolution function of the instrument,N(R)
is the normalized size distribution from a log-normal dens
function, f (q8,R) is the form factor of the particles with

FIG. 3. ~Color! Square root of the absorption coefficie
@(ad)0.5# ~solid line!, and the TO phonon peak~dots! for 2.43 nm
Si nanocrystal~a!, and for 2.24 nm Si nanocrystal~b!. The asym-
metrical peak is theoretically fitted by the superposition of TO p
non absorption and emission peaks~dotted lines!. Dotted arrows
show the band gap (Eg) of the nanocrystal.
19532
,

radiusR, and C1 is a constant parameter.18 The solid lines
are the curves fitted by Eq.~1!. From this fitting, we can
determine the size distribution and the average radius of
film for each porosity. The inset of Fig. 1 shows the si
distribution with porosities ofp563, 79, and 87 %. The size
distribution shifts toward the smaller radius ofn-Si with in-
creasing porosity. The average diameterL is estimated as
2.43, 2.24, and 2.11 nm for porosities ofp563, 79, and
87 %, respectively. The accuracy of the SAXS measurem
exceeds 2%, which is enough to distinguish the above di
eter change. The size estimated here is smaller than the
ues determined by Raman scattering and transmission e
tron microscope analysis,4 but shows almost the same valu
determined by SiK-edge x-ray absorption measuremen8

~NEXAFS! and other SAXS measurements with bimod
size distribution analysis.19

Figures 2 show the plots of the square root of the abso
tion coefficient~solid black line! and its first derivative~solid
red line! versus photon energy for a bulk Si thin film with 6
mm thickness~a! and for an-Si film ~b!. The (a)0.5 curve of
c-Si exhibits two segments in the vicinity of the fundamen
band gap around 1.12 eV. The first derivative of these st
in particular clearly shows two sharp peaks at the lower- a
higher-energy sides of the band gap as drawn by the do
arrows. These two contributions are due to absorption
emission of momentum-conserving TO phonons with the
ergy of 57 meV.20 Both the linear dependence and the tw
TO phonon peaks in the derivative of the (a)0.5 curve give
evidence for Si being an indirect-band-gap semiconducto

The (ad)0.5 curve ofn-Si with 2.43 nm diameter clearly
shows both a band-gap upshift from 1.12 to around 1.4
and a linear dependency on photon energy. In addition,
possible to observe a step near the absorption edge. Th

-

FIG. 4. ~Color! Band-gap energy as a function of Si nanocrys
diameter. The band-gap upshift falls on the solid red line,Eg

51.0612.053(1/L)1.6. We show both (1/L)2 ~dotted line! and
(1/L) ~broken line! as a reference.
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rivative of this curve shows a clear peak with a full width
half maximum~FWHM! of 200 meV as drawn by the soli
red line. The appearance of this peak in the derivative
likely to originate from momentum-conserving TO phon
absorption and emission processes ofn-Si with inhomoge-
neous size broadening.

Figure 3~a! and 3~b! show the square root of the abso
bance~solid line!, and the peak extracted from the derivati
of the (ad)0.5 curve for 2.43 nmn-Si ~a! and 2.24 nmn-Si
~b!. From these figures, we can clearly observe a high
energy shift of the peak with decreasing nanocrystal s
together with asymmetrical broadening at the higher-ene
side. Both the higher-energy shift and the asymmetrical sp
trum suggest that the peak originates from the superpos
of inhomogeneously broadened two-TO-phonon peaks.

Here, we shall theoretically draw the peak spectrum w
two TO phonon curves. The absorption of an indirect-ba
gap semiconductor with nanostructural size distribution
be described as10

a5 (
n52m

n51m

nn~NP1 1
2 6 1

2 ! unu E
Es

El
u~\v2n\V2E!

3~\v2n\V2E!2D~E2Eg!dE, ~2!

whereD(E2Eg) is the distribution function ofn-Si with a
center energy ofEg ,\V is the TO phonon energy,u is the
Heaviside step function,Np5@exp(\V/kT)21#21 is the Bose
factor, the subscriptn.0 indicates phonon emission andn
,0 phonon absorption,nn represents the intensity of eac
phonon structure, and the size inhomogeneity is integra
from the smallest sizeEs to the largest sizeEl . Near the
band gap of the nanocrystal, one-phonon absorption and
phonon emission dominate the absorption process; there
we considern511 andn521 for the above equation. By
combining the experimentally observed absorption coe
cient a with Eq. ~2!, we fit the size-dependent peaks show
in Fig. 3. Black solid lines are theoretically fitted curve
These curves are composed of the sum of the same two
phonon curves~absorption and emission! with the energy
separation of 2\V. This result clearly shows that the pea
deduced from the absorption spectrum shifts to higher
ergy with decreasing size of the nanocrystal and that it
be fitted by an inhomogeneously broadened TO phonon
sorption and emission spectrum. Even though the oscill
strength as a function of size remains unknown, by taking
middle energy between these two TO phonon peaks, we
accurately determine the band gapEg as a function of the
average diameter of this inhomogeneously broadened
tem. The band gapEg thus determined is 1.527 eV for th
2.43 nm nanocrystal@Fig. 3~a!#, and 1.617 eV for the 2.24
nm nanocrystal@Fig. 3~b!#.
o
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Both the linear dependence of the (ad)0.5 curve and the
TO phonon step in the vicinity of the blueshifted absorpti
edge clearly provide direct evidence thatn-Si is affected by
quantum size effects and has the nature of an indirect-b
gap semiconductor.

Figure 4 shows the band-gap energy as a function
the average diameter ofn-Si determined by the SAXS mea
surements. The band gap shifts to higher energy with
creasing crystal size. Determination by the above anal
shows that the magnitude of the band-gap widening for
nm n-Si is about 400 meV. This value for the size is smal
than the previously reported values determined by PL e
tation spectrum ~PLE! measurements and PL pea
measurements.4,5,8 We believe that the band gap determin
here using TO phonon steps gives the correct value as c
pared to PL and PLE measurements, because the PL pro
is affected not only by direct absorption but also by succ
sive relaxation processes involving defects, impurities, a
surface chemistry.

The band-gap energies determined here fall on the fi
line Eg51.0612.053(1/L)1.6 as shown by the solid red line
in Fig. 4. The exponent 1.6 determined by least-squares
ting is smaller than 2~dotted line!, which is expected from
the effective-mass approximation, but is larger than 1~bro-
ken line! determined by Schuppleret al.8 The experimentally
deduced exponent 1.6 is almost the same as that expe
from a third-nearest-neighbor nonorthogonal-basis tig
binding calculation14 ~TNNTB! or empirical pseudopotentia
plane-wave~EPPW! theory with Coulomb and correlation
energy corrections.13 However, the discrepancy of the ban
gap energy~the discrepancy of the coefficient 2.05! is still
large, on the order of 200 meV. This discrepancy seem
originate from several points. First, the band-gap calculati
were based on an ideal model, whereas then-Si samples
were different in shape and configuration of the surface
mination. Second, the theories referred to here do not incl
the size dependence of the dielectric constant although
constant is greatly affected by the nanocrystal size.21,22Thus,
agreement between the experimental results and the the
ical analysis could be obtained by including the abo
points.

Here we find that silicon nanocrystals have a step str
ture originating from TO phonon absorption and emissio
This step structure provides direct evidence that the sili
nanocrystal is affected by quantum size effects and has
nature of an indirect-band-gap semiconductor. The quan
tive method introduced here offers an accurate determina
of the band gap of this inhomogeneous system. By us
SAXS to measure the nanocrystal size distribution, we sh
that the band-gap upshift is proportional to (1/L)1.6, which
exponent agrees well with TNNTB or EPPW calculations
s.
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