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Raman scattering and photoluminescence from Si nanoparticles
in annealed SiO x thin films
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Silicon-rich silicon oxide thin films have been prepared by thermal evaporation of silicon monoxide
in vacuum. The SiOx film composition (1.1< x <1.7) has been controlled by varying the deposition
rate and residual pressure in the chamber. Long time stability of all films has been ensured by a
postdeposition annealing at 523 K for 30 min in Ar atmosphere. Some films were further annealed
at 973 K and some others at 1303 K. Raman scattering measurements have implied the formation
of amorphous silicon nanoparticles in films annealed at 973 K and Si nanocrystals in films annealed
at 1303 K. The latter conclusion is strongly supported by high resolution electron microscopy
studies which show a high density of Si nanocrystals in these films. Photoluminescence has been
observed from both amorphous and crystalline nanoparticles and interpreted in terms of
band-to-band recombination in the nanoparticles having average size greater than 2.5 nm and carrier
recombination through defect states in smaller nanoparticles. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1504176#
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I. INTRODUCTION

Although crystalline silicon is a key material in the m
croelectronic industry, its use in optoelectronic applicatio
is hindered because, as an indirect gap semiconducto
light emission in the visible is inefficient. The observation
strong visible photoluminescence from porous silicon
room temperature1 stimulated substantial activity in the fiel
of preparation of structures comprising silicon nanowires a
nanoparticles as well as exploration of their structural a
optoelectronic properties. Later, intense visible photolu
nescence has been reported from nanocrystalline sil
films2–4 and SiO2 thin films containing crystalline5–15 or
amorphous10,13,16–19silicon nanoparticles. Often, this lum
nescence has been attributed to radiative recombinatio
carriers confined in Si nanoparticles and its color can
suitably modified by changing the nanoparticle size.

Silicon nanoparticles in Si-rich silicon oxide films a
generally produced by high-temperature annealing in an i
atmosphere. The process is compatible with integrated cir
technology1 and, moreover, SiO2 is a robust host that pro
vides good passivation for the Si nanoparticles. In this
proach the average nanoparticle size~and the emission prop
erties! can be properly tuned either by varying the anneal
temperature or by changing the excess silicon content in
deposited films. Several techniques have been employe
make Si-rich SiOx thin films (x,2), which include high-
dose Si ion implantation into SiO2 films,5,6 deposition of
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SiOx films by cosputtering,8,17,20 and electron beam
coevaporation21 of Si and silicon monoxide~SiO!, plasma
enhanced chemical vapor deposition,7,9–11laser ablation of Si
in ambient oxygen,12 and thermal vacuum or reactive evap
ration of SiO.14,15,18

The ability to control the size and structure of nanop
ticles would allow the fabrication of structures with desir
electrical and optoelectronic properties for device appli
tions. Raman scattering provides a fast and nondestruc
method to determine whether silicon particles are amorph
or crystalline. Moreover, information about nanocrystall
size can be obtained from the shape and peak position o
first order Raman scattering band.22–26 In crystalline materi-
als this band has a Lorentzian line shape with an intrin
linewidth of about 3 cm21 at room temperature. The ‘‘finite
size effects,’’ which destroy the full translation symmetry
the material, result in a low-frequency asymmetric broad
ing and redshift of the Raman band. Thus, from the details
the Raman line shape the nanoparticle size could
determined.22,23,26 However, when applying this approac
one should remember that other effects, such as struc
damage, alloying, etc., also produce similar changes.25 Be-
sides, tensile and compressive stresses affect the Raman
by a red- and blueshift, respectively.

The evaporation of silicon monoxide is a rather straig
forward method for preparation of SiOx thin films, but up to
now little work has been published on this subject. In th
article, SiOx thin films with oxygen contentx, varying be-
tween 1.1 and 1.7, have been produced by thermal evap
tion of SiO in vacuum. Amorphous and crystalline silico
nanoparticles have been grown upon annealing the film
973 and 1303 K, respectively; the presence of Si nanoc
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tals in the latter films has been detected by high resolu
electron microscopy~HREM!. Raman scattering measur
ments have been carried out in both sets of films, provid
further evidence for the formation of Si nanocrystals in film
annealed at 1303 K. Photoluminescence in the visible
near infrared region has been observed from films contain
amorphous or crystalline particles.

II. EXPERIMENT

Films of SiOx were prepared by evaporation of SiO fro
a tantalum crucible~heated to 1550–1670 K, depending o
the deposition rate! equipped with a molybdenum cylindrica
screen which restricted spreading of the SiO vapor inside
vacuum chamber. Crystalline silicon~Wacker,p-type! sub-
strates were used. Both the molybdenum screen and the
strate were at room temperature, but some increase of
temperature might have taken place as a result of radia
heating by the crucible. The native oxide of thec-Si sub-
strates was not removed. The films were deposited under
different residual pressures of 131023 Pa ~high pressure!
and 231024 Pa~low pressure!. The film thickness~between
0.2 and 2mm! and deposition rate~0.2, 1.0, 3.0, and 6.0
nm/s! were controlled by a preliminarily calibrated quar
microbalance system MIKI FFV. In order to ensure long tim
stability of SiOx films, that is, independent of humidity con
ditions, all films prepared were annealed at 523 K for 30 m
in argon immediately after taking them out of the vacuu
system.27 Afterward the following annealing procedure
were carried out on different groups of samples:~i! at 973 K
for 60 min in argon or air,~ii ! at 1273 K for 60 min in argon,
and ~iii ! at 1303 K for 60 min in nitrogen. The film compo
sition has been investigated by Rutherford backscatterin27

and the resulting oxygen contents determined in this way
shown in Table I.

HREM measurements were performed in SiOx films de-
posited on Si substrates and annealed at 973 and 1273
means of a JEM 4000 EX electron microscope operating
400 kV. Electron micrographs were recorded at 500 0
times magnification using optimum contrast conditions~near
Scherzer defocus!. Stokes Raman spectra in a pseudoba
scattering geometry~with occasional scans of the anti-Stok
region being also carried out! and photoluminescence from
all kinds of SiOx films were measured using a system o
SPEX double monochromator and cooled photomultiplier
connection with photon counting equipment. The spectral
width was set at 2.5 cm21. The 488 nm line of an Ar1 laser
was used for the excitation focused on the sample surfac
a cylindrical lens in order to avoid deterioration of the film
The laser beam power density used was;4 W/mm2 for the

TABLE I. Deposition rateVd of a-SiOx thin films prepared by therma
evaporation of silicon monoxide and the corresponding oxygen contex
values derived from Rutherford backscattering measurements.

Vd (nm/s)

High residual pressure
(131023 Pa)

Low residual pressure
(231024 Pa)

0.2 3.0 6.0 0.2 1.0 3.0 6.0

x 1.7 1.3 1.15 1.6 1.4 1.2 1.1
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Raman scattering measurements and 1 or 2 W/mm2 for the
photoluminescence ones. The thickness of the SiOx films for
the Raman measurements was 1mm but, in order to avoid
light interference, samples having thickness of 0.2mm were
used for the luminescence measurements. All spectra w
measured at 293 K in air.

III. RESULTS AND DISCUSSION

A. Raman scattering

1. Amorphous silicon nanoparticles

Raman spectra of SiOx films (x51.15, 1.5, and 1.70!
deposited at high residual pressure and annealed at 52
show ~Fig. 1, dashed spectra! only one strong sharp peak a
520 cm21 having full width at half maximum~FWHM! of
4.5 cm21. We have determined the same parameters for
transverse optical~TO! phonon band of bare silicon sub
strate, which indicates that the intense band in samples
nealed at 523 K originates from the crystalline silicon su
strate; the lack of other features in the spectrum of th
films implies the absence of other phases, such as amorp
Si. This is in agreement with the results of other authors
evaporated and sputtered SiOx films with x>118,28who have
suggested Si phase separation at temperaturesT.673 K.

Cross-section electron micrographs of the films annea
at 973 K indicated an absence of any crystalline phase. H
ever, significant changes are seen in their Raman scatte
spectra~Fig. 1, solid spectra!. A strong photoluminescenc
background is observed in the samples having high oxy
contentx>1.5. Such a background is not seen in the sp
trum of the sample withx51.15. Moreover, the intensity o
the 520 cm21 band is significantly reduced after annealing
973 K and two new bands at;160 and;480 cm21 appear.
They are well resolved in the film withx51.15, but also
exist in the other spectra. It is known18,23,29that amorphous
silicon generally exhibits strong bands at;150 and;480
cm21. Hence, the appearance of similar bands in the Sx

films annealed at 973 K indicates that, upon annealing, so
Si phase separation occurs, which results in the formatio

FIG. 1. Raman spectra of SiOx films having oxygen contentx51.15, 1.5,
and 1.70 excited by the 488 nm Ar1 laser line. The films were annealed a
523 K for 30 min in argon atmosphere~dashed spectra! and then at 973 K
for 60 min, again in argon atmosphere~solid spectra!. All spectra correspond
to the same scale.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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small-size amorphous silicon regions in the SiOx matrix. The
observed decrease of the 520 cm21 band intensity supports
this suggestion since absorption ofa-Si in the blue wave-
length region is significantly higher than that of SiOx (x
.1). In addition, infrared absorption measurements27 have
shown an increase in the oxygen content of the SiOx matrix
after annealing at 973 K. What is the size of the amorph
Si regions? As mentioned above, Si is an indirect band
semiconductor and in bulk form it does not show photolum
nescence; radiative recombination may be observed onl
silicon particles in which at least one of its dimensions is l
than the free exciton radius1 ~Bohr radius;5 nm! of bulk Si.
The strong photoluminescence background in the Ram
spectra of the films with oxygen contentx>1.5 implies that,
if this luminescence has a quantum confinement origin,
size of the amorphous silicon nanoparticles in these sam
should be a few nanometers.

2. Silicon nanocrystals

The infrared absorption measurements carried out on
SiOx films annealed at 1303 K have shown27 a complete
phase separation with the silicon nanoparticles grown wit
a SiO2 matrix. A cross-section micrograph of such a Si–Si2

film ~with an initial oxygen content ofx51.3) annealed a
1273 K for 60 min is shown in Fig. 2 in which a quite hig
density of Si nanocrystals can be seen; the shape of s
nanocrystals is close to spherical, while others are anisot
ically grown with an aspect ratio of;2. They are uniformly
distributed in the matrix and their size ranges between ab
2 and 8 nm, with a mean diameter of;4.3 nm. On the other
hand an average nanocrystallite size of 2.6 nm has been
tained for the average nanocrystallite size for the film w
x51.5. So, in agreement with other authors,8,11,14,15we have
observed a qualitative increase of the average nanopar
size with decreasingx and it can be expected that the avera
size of nanocrystals for films withx51.6, 1.7 is below 2.5
nm.

FIG. 2. Cross-section micrograph of a SiOx film with x51.3 annealed at
1273 K for 60 min in argon atmosphere. Si nanocrystals can be seen
formly distributed in the matrix. The shape of some nanocrystals is clos
spherical while others are anisotropically grown.
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Raman spectra of four SiOx films with different oxygen
content deposited on crystalline Si substrates and anneal
1303 K for 60 min are shown in Fig. 3. The spectra exhib
essentially, two components—a sharp peak at 520 cm21 and
a low-energy tail which does not evolve into a clearly dist
guishable peak in any sample. As in the films annealed
973 K, the sharp component can be assigned to the subs
We suggest that the tail represents mostly scattering f
silicon nanocrystals grown upon annealing and this is s
ported by a similar low-energy tail observed in other
nanocrystal Raman studies.23–25 In those studies,23–25 the
peak of the Raman band is not significantly shifted~relative
to the Si single crystal band!, but its low-energy tail is highly
asymmetric extending down to 450 cm21 in a fashion similar
to that of the tail of our Raman spectra~Fig. 3!. However,
some small part of the scattering in the low-frequency tail
our spectra~Fig. 3! may be due toa-Si which has a Raman
peak18,23,29at ;480 cm21 extending asymmetrically down to
250–300 cm21. We do not observe any scattering below 4
cm21 and this implies that most of the scattering in the lo
energy tail of our spectra is due to Si nanocrystals. T
conclusion is also supported by our HREM results~Fig. 2!
which show quite a high density of Si nanocrystals in t
films annealed at 1273 K. The existence of a significant c
centration ofa-Si nanoparticles~not seen by transmissio
electron microscopy! in these films does not seem plausib
because of their rather high oxygen content (1.1,x,1.7).

Raman spectra have been used8,24,30 in the past for the
evaluation of the average size of Si and Ge nanocryst
This can be achieved either by fitting the experimental cu
with some expression, which takes into account the fin
size effects,24,30 or, roughly, by using the theoretically pre
dicted relations22,24–26of the band position and asymmetr
with crystallite size. In both approaches the accurate de
mination of the nanocrystallite band is very important, es
cially for films grown onc-Si substrates in the Raman spe
tra of which the 520 cm21 band also appears. In
nanocrystalline Si films the scattered light from the film
quite intense, but scattering from the substrate is significa
reduced by the absorption in the film. This implies that t

ni-
to

FIG. 3. Raman spectra of SiOx films having oxygen contentx51.15, 1.3,
1.5, and 1.7 annealed at 523 K for 30 min in argon atmosphere and th
1303 K for 60 min in nitrogen. All spectra correspond to the same scal
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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shape and position of the band originating from t
nanocrystals23 are not expected to be distorted by scatter
from the substrate. However, in Si–SiO2 films the filling
factor is relatively low~,10%!14 and the intensity of light
scattered from Si nanocrystals is quite low, while the Ram
line due to thec-Si substrate is rather strong.

One can see from Fig. 3 that the sharp band in all spe
peaks at 520 cm21 and has FWHM of 4.5 cm21. Obviously,
scattering from the Si nanocrystals is rather weak and d
not affect appreciably the shape and position of the subs
band. In an attempt to resolve the nanocrystallite band,
have subtracted from the measured spectrum of each
~see Fig. 4!: ~i! a baseline including the luminescence bac
ground and noise and~ii ! a Lorentzian band having th
above peak position and FWHM. First, the Lorentzian a
plitude was taken to be equal to that of the 520 cm21 band in
the measured spectra. After this subtraction, the resul
broadband~spectrum 2 of Fig. 4! peaks at about 510 cm21,
showing an anticipated shift~in comparison to the peak po
sition of the previously observed Si nanocrystals Ram
band23–25! because in subtracting the sharp Lorentzian ba
inevitably we have also subtracted scattering due to na
crystals whose band also peaks around 520 cm21. This is
reflected by the variable position and shape of the band a
subtraction which have been found to depend on the am
tude used for the sharp Lorentzian band.

Since the precise intensity level of scattered light fro
the c-Si substrate cannot be determined, we conclude th
is not possible to determine correctly the Si nanocrysta
size from Raman scattering spectra of Si–SiO2 thin films
having a low filling factor.

B. Photoluminescence

Figure 5 shows photoluminescence~PL! spectra of SiOx
films with different oxygen content annealed at 973 K for
min @upper spectra in~a!, ~b!, and~c!# and at 1303 K for 60
min @lower spectra in~a!, ~b!, ~c!, and~d!#. All samples have

FIG. 4. Recorded Raman spectrum of a SiOx film with x51.5 ~spectrum 1!
and spectrum obtained after subtraction of a baseline~including lumines-
cence and noise background! and a Lorentzian band peaked at 520 cm21

~corresponding to the Raman band ofc-Si substrate!; the resulting spectrum
corresponds to scattering from Si nanocrystals. The dotted lines repres
baseline including the luminescence background and noise and the L
zian band at 520 cm21 with FWHM of 4.5 cm21 ~components subtracted
from the recorded spectrum!.
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the same thickness of 0.2mm. In the films with low oxygen
content (x<1.3), photoluminescence is rather weak after a
nealing at 1303 K and absent in the samples annealed at
K. In the films with high oxygen content (x51.6, 1.7!, the
luminescence bands are disposed in the red–green spe
range and their peak energy is much higher than the op
band gap of bulk silicon~1.11 eV!. Generally, for both an-
nealing temperatures the emission bandshifts to the red
decreasing oxygen content, but for the same initial comp
tion, the photoluminescence band of amorphous silic
nanoparticles is blueshifted compared to that of nanocrys
The intensity of emitted light shows a nonmonotono
change with composition for each annealing temperature
similar observation has also been reported by ot
authors.8,13,15This nonmonotonous change can be attribu
to competing effects caused by carrier confinement and
cess of silicon atoms in SiOx films. Furthermore, the confine
ment effect becomes weaker with decreasing oxygen con
and increasing nanocrystallite size which, because of the
direct band gap ofc-Si, leads to an intensity decrease. O
the other hand, the total amount of Si crystallites increa
whenx decreases.

Photoluminescence from nanosized crystalline silic
has been generally attributed to band-to-band radiative
combination of electron–hole pairs confined within su
nanoparticles~the quantum confinement model1,5,31,32!. It is
presumed that for such a radiative process, the excita
energy should be higher than the optical band gap energ
Si nanoparticles. Diverse theoretical values for the opti
gap energy of Si nanocrystals have been obtained by var
models, such as the effective-mass model, the tight-bind
model, the density-functional model, etc.~see Ref. 31 and
references therein!. Some models32 predict relatively high
values for the optical band gap of nanocrystals~ranging from
1.6 and 2.3 eV for nanocrystal average size between 5.0
2.5 nm, respectively!, while others31 produce lower values
closer to the experimental ones; for example, for an aver
nanocrystallite size of 1.5 nm, the optical band gap does
exceed the value of 2.5 eV. Since the excitation energy u
in our luminescence experiments is 2.54 eV~488 nm Ar1

t a
n-

FIG. 5. Photoluminescence spectra of SiOx films with different oxygen con-
tent annealed at 973 K for 60 min in argon@~a!, ~b!, and~c!, upper spectra#
or 1303 K for 60 min in nitrogen@~a!, ~b!, ~c!, and~d!, lower spectra#. All
samples have the same thickness of 0.2mm. All spectra were excited by the
488 nm Ar1 laser line and correspond to the same scale.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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4682 J. Appl. Phys., Vol. 92, No. 8, 15 October 2002 Nesheva et al.
laser line!, this energy is adequate~high enough! for band-
to-band luminescence excitation of our films. Of course
better picture of the band structure of the Si nanocrystal
this work could be obtained using a variety of excitati
energies, including also much higher ones than their e
mated optical gap energies, and this is one of our tasks
the near future. It must be pointed out that there are dive
results concerning the position of photoluminescence o
nanocrystals with exciting energy. Some authors33 have re-
ported a blueshift of PL position with exciting energy, whi
in other reports,34–36 excitation with either the 325 nm line
from a He–Cd laser or the 488 nm line of an Ar1 laser
produced similar PL; in the first of these reports,34 the nano-
crystallite sizes vary between 2 and 4.7 nm, which is sim
to ours.

In the films withx51.3 ~average nanocrystallite size o
;4.3 nm! andx51.5, we have observed a PL band peak
at 1.6 and 1.8 eV~Fig. 5!, respectively, and these values a
close to the expected position for band-to-band recomb
tion. However, in the films withx51.6 and 1.7, in which
average nanocrystallite sizes less than 2.5 nm are expe
the observed PL peak energy of;2 eV ~Fig. 5! is below the
predicted values of.2.3 eV.31 Other groups11,37,38have also
reported that, when the Si crystallite size drops below 3 n
the photoluminescence peak does not exceed the value o
eV. In a recent study on porous Si,39 PL from Si nanocrystals
smaller than 3 nm has been attributed to radiative recom
nation which involves an electron trapped by SivO double
bonds at the interface~producing localized states in the ban!
and a free hole. The PL emission energy still increases,
not as fast as predicted by the quantum confinement mo
For sizes below 2 nm, recombination via trapped excito
has been suggested and no further PL energy increase i
pected. It has been assumed39 that the existence of larg
stress at the Si–SiO2 interface creates dangling bonds at t
Si nanocrystal surface and SivO double bonds at the inter
face appear to passivate partly these dangling bonds. B
on this model, carrier recombination through defect sta
rather than band-to-band recombination may be assume
SiOx films with high oxygen content (x51.6, 1.7! and ex-
pected nanocrystallite size,2.5 nm.

Now we turn our attention to the PL from the films a
nealed at 973 K, which contain amorphous silicon nanop
ticles ~Fig. 1!. Such PL has been observed only in films w
high oxygen content (x>1.5) and the PL band peaks b
tween 2 and 2.2 eV. It is blueshifted and more intense co
pared to the band from nanocrystals grown in the film w
the same initial composition but annealed at 1303 K~Fig. 5!.
Intense PL has already been observed from SiOx films con-
taining amorphous silicon nanoparticles10,13,17–19and porous
a-Si:H.40 The PL intensity increases and its peak ene
blueshifts with decreasing nanoparticle size. It is interest
that in some publications10,19 a quite strong blueshift~from
;1.6 eV, the band gap of bulka-Si, to ;2.0 eV! has been
reported while in another one7 it is smaller ~from ;1.6 to
;1.8 eV!. Most authors have explained these results in te
of the quantum confinement model,10,13,17–19although it has
been argued41 that quantum confinement of holes ina-Si
should be absent and that of electrons is marginal for s
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larger than 1–2 nm because of their low mobilities. The h
PL intensity has also been interpreted in terms of spa
carrier confinement.40,41Since the average size of amorpho
nanoparticles is less than the capture radius for nonradia
recombination, the quantum efficiency is expected to
crease substantially. The spatial carrier confinement also
dicts a blueshift of the PL band with decreasing size.41 When
the nanoparticle size decreases, the separation between
ized tail states~whose recombination produces lumine
cence! increases. This causes thermalization of electr
down to the lowest lying tail states and radiative recombi
tion occurs between higher states in the conduction band
and low lying holes in the valence band tail. Such a mec
nism could be responsible for the red PL, but it cannot
plain PL in the yellow–green spectral range. Thus,
reckon that PL from the SiOx (x>1.5) films annealed at 973
K may be due to radiative recombination of carriers whi
are quantum confined in very small amorphous Si nanop
ticles. Indeed, for the same composition of SiOx films,
nanocrystallite size increases with temperature4,10,11,13 and,
hence, the size of amorphous silicon nanoparticles in fi
annealed at 973 K should be smaller than that of nanoc
tals ~2.6 nm for x51.5) grown upon annealing at 1303 K
The assumption for carrier quantum confinement in am
phous nanoparticles, which are smaller than crystalline o
may explain both the blueshift of the PL bands from the film
annealed at 973 K~Fig. 5! and the higher PL intensity from
amorphous silicon nanoparticles.~We recall that, upon an-
nealing at 973 K, the phase separation is not comple
while at 1303 K it is completed; thus, one can expect that
total volume of thea-Si phase formed after annealing at 97
K should be slightly smaller than that of the nc-Si phas!.
The lack of PL in films withx51.3 annealed at 973 K and it
appearance upon annealing at 1303 K favors the idea
marginal carrier quantum confinement ina-Si for sizes
larger than 2 nm.

IV. CONCLUSIONS

Thermal evaporation of silicon monoxide in vacuum h
been used for deposition of SiOx thin films with oxygen con-
tent varying between 1.1 and 1.7. Long time stability of t
films has been achieved by a postdeposition annealing at
K for 30 min. There is strong evidence that amorphous a
crystalline silicon nanoparticles of various sizes have b
formed upon annealing at 973 and 1303 K, respectively
has been established that, due to the low volume fraction
the silicon nanocrystals in the films, both shape and posi
of the 1TO band of their Raman spectra are strongly affec
by scattering from the substrate and this effect is a seri
drawback in determining their size. Light emission has be
observed from both amorphous and crystalline nanoparti
whose peak position redshifts from yellow to the near inf
red with increasing nanoparticle size. This PL has been
terpreted in terms of band-to-band recombination in
nanoparticles having average size greater than 2.5 nm
carrier recombination through defect states in smaller na
particles.
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