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Raman scattering and photoluminescence from Si nanoparticles
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Silicon-rich silicon oxide thin films have been prepared by thermal evaporation of silicon monoxide
in vacuum. The SiQfilm composition (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 nanoparticles20@2 American Institute of
Physics. [DOI: 10.1063/1.1504176

I. INTRODUCTION Sio, films by cosputtering*”?° and electron beam
thoudh i i is o k il in the mi coevaporatioft of Si and silicon monoxidéSiO), plasma
Although crystalline silicon is a key material in the mi- o anced chemical vapor depositich:laser ablation of Si

croelectronic industry, its use in optoelectronic applicationqn ambient oxygert? and thermal vacuum or reactive evapo-
is hindered because, as an indirect gap semiconductor, ipﬁtion of Si014,15,18'

light emission in the visible is inefficient. The observation of
strong visible photoluminescence from porous silicon a&icl

room temperaturestimulated substantial activity in the field . : . . .
. - . ; lectrical and optoelectronic properties for device applica-
of preparation of structures comprising silicon nanowires and. . . )
. . . ions. Raman scattering provides a fast and nondestructive
nanoparticles as well as exploration of their structural an

. . : - . method to determine whether silicon particles are amorphous
optoelectronic properties. Later, intense visible photolumi- . . . .

: .. or crystalline. Moreover, information about nanocrystallite
nescence has been reported from nanocrystalline silicon.

films?~* and SiQ thin films containing crystallifs™s or size can be obtained from the shape and peak position of the
amorphout1315-1glicon nanoparticles. Often, this lumi- [St Order Raman scattering baffd?® In crystalline materi-

nescence has been attributed to radiative recombination fljs th:jsthba?dbhast g Lgrlenttman I'?e shap(;: W'tq_ha N “lfr_1tr_|tn3|c
carriers confined in Si nanoparticles and its color can b inewidth o f‘ out 3 ¢ at room femperarure. the inite
size effects,” which destroy the full translation symmetry of

suitably modified by changing the nanoparticle size. h terial It low-f tric broad
Silicon nanoparticles in Si-rich silicon oxide films are . € material, resutt in a low-frequency asymmetric broaden-

generally produced by high-temperature annealing in an ine'g:g and redshift of the Raman band. Thus, from the details of

The ability to control the size and structure of nanopar-
es would allow the fabrication of structures with desired

atmosphere. The process is compatible with integrated circu R?‘manzz';rz‘g shape the nanopart.|cle S1ze could be
etermined??>2% However, when applying this approach

technology and, moreover, SiQis a robust host that pro- hould ber th h p h |
vides good passivation for the Si nanoparticles. In this ap®"€ Should remember that other effects, such as structura

proach the average nanoparticle siaad the emission prop- d_amage, a_lloymg, ete., also. produce similar charfgdse- ,
ertie9 can be properly tuned either by varying the annealin ides, tensile and compressive _stresses affect the Raman line
temperature or by changing the excess silicon content in thBY @ réd- and blueshift, respectively.

deposited films. Several techniques have been employed to 1 n€ €vaporation of silicon monoxide is a rather straight-
make Si-fich SiQ thin films (x<2), which include high- forward method for preparation of SiGhin films, but up to
dose Si ion implantation into SiOfilms®® deposition of ~NOW little work has been published on this subject. In this

article, SiQ thin films with oxygen contenk, varying be-

tween 1.1 and 1.7, have been produced by thermal evapora-
30n leave from: Institute of Solid State Physics, Bulgarian Academy °ftion of SiO in vacuum Amorphous and crystalline silicon
Sciences, 1784 Sofia, Bulgaria. )

bAuthor to whom correspondence should be addressed; electronic mai@noparticles have been'grown upon annealing Fhe films at
craptis@central.ntua.gr 973 and 1303 K, respectively; the presence of Si nanocrys-
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TABLE |. Deposition rateVy of a-SiO, thin films prepared by thermal T T T T T T T T T
evaporation of silicon monoxide and the corresponding oxygen comtent
values derived from Rutherford backscattering measurements.

High residual pressure Low residual pressure
(1x10 2 Pa) (2x107* Pa) = T
w
V4(nm/s) 0.2 3.0 6.0 02 1.0 30 6.0 S
€
X 1.7 1.3 1.15 1.6 1.4 1.2 1.1 -

tals in the latter films has been detected by high resolution ,,_...u.,,"i:L,
electron microscopyHREM). Raman scattering measure- [ NN i i : X
ments have been carried out in both sets of films, providing 200 400 600 200 400 600 200 400 600
further evidence for the formation of Si nanocrystals in films Raman shift (cm”)

annealed at 1303 K. Photoluminescence in the visible and
near infrared region has been observed from films containin§

IG. 1. Raman spectra of Sj@ilms having oxygen content=1.15, 1.5,
nd 1.70 excited by the 488 nm Allaser line. The films were annealed at

amorphous or crystalline particles. 523 K for 30 min in argon atmosphetdashed spectyand then at 973 K
for 60 min, again in argon atmosphésmslid spectra All spectra correspond
Il. EXPERIMENT to the same scale.

Films of SiQ, were prepared by evaporation of SiO from
a tantalum crucibléheated to 1550—1670 K, depending on Raman scattering measurements and 1 or 2 W/fiamthe
the deposition rateequipped with a molybdenum cylindrical photoluminescence ones. The thickness of the Si@s for
screen which restricted spreading of the SiO vapor inside ththe Raman measurements waguh but, in order to avoid
vacuum chamber. Crystalline silicdiwacker, p-type) sub-  light interference, samples having thickness of @r@ were
strates were used. Both the molybdenum screen and the sultsed for the luminescence measurements. All spectra were
strate were at room temperature, but some increase of theineasured at 293 K in air.
temperature might have taken place as a result of radiative
heating by the crucible. The native oxide of tbeSi sub- Ill. RESULTS AND DISCUSSION
strates was not removed. The films were deposited under twp
different residual pressures ofx110 % Pa (high pressure - ]
and 2x 104 Pa(low pressurg The film thicknesgbetween - Amorphous silicon nanoparticles
0.2 and 2um) and deposition raté0.2, 1.0, 3.0, and 6.0 Raman spectra of SiOfilms (x=1.15, 1.5, and 1.70
nm/9 were controlled by a preliminarily calibrated quartz deposited at high residual pressure and annealed at 523 K
microbalance system MIKI FFV. In order to ensure long timeshow (Fig. 1, dashed speciranly one strong sharp peak at
stability of SiQ, films, that is, independent of humidity con- 520 cm* having full width at half maximum(FWHM) of
ditions, all films prepared were annealed at 523 K for 30 mird.5 cm 1. We have determined the same parameters for the
in argon immediately after taking them out of the vacuumtransverse optica(TO) phonon band of bare silicon sub-
systen?’ Afterward the following annealing procedures strate, which indicates that the intense band in samples an-
were carried out on different groups of samplgsat 973 K nealed at 523 K originates from the crystalline silicon sub-
for 60 min in argon or air(ii) at 1273 K for 60 min in argon, strate; the lack of other features in the spectrum of these
and (iii ) at 1303 K for 60 min in nitrogen. The film compo- films implies the absence of other phases, such as amorphous
sition has been investigated by Rutherford backscatt&ring Si. This is in agreement with the results of other authors for
and the resulting oxygen contents determined in this way arevaporated and sputtered Sifims with x=1®2®who have
shown in Table I. suggested Si phase separation at temperafitres73 K.

HREM measurements were performed in Silims de- Cross-section electron micrographs of the films annealed
posited on Si substrates and annealed at 973 and 1273 K la 973 K indicated an absence of any crystalline phase. How-
means of a JEM 4000 EX electron microscope operating agver, significant changes are seen in their Raman scattering
400 kV. Electron micrographs were recorded at 500 00Gspectra(Fig. 1, solid spectha A strong photoluminescence
times magnification using optimum contrast conditiomsar  background is observed in the samples having high oxygen
Scherzer defocys Stokes Raman spectra in a pseudobackeontentx=1.5. Such a background is not seen in the spec-
scattering geometrfwith occasional scans of the anti-Stokes trum of the sample witbx=1.15. Moreover, the intensity of
region being also carried guand photoluminescence from the 520 cm? band is significantly reduced after annealing at
all kinds of SiQ, films were measured using a system of a973 K and two new bands at160 and~480 cm ! appear.
SPEX double monochromator and cooled photomultiplier inThey are well resolved in the film witkk=1.15, but also
connection with photon counting equipment. The spectral sliexist in the other spectra. It is kno#t>?°that amorphous
width was set at 2.5 cit. The 488 nm line of an Ar laser  silicon generally exhibits strong bands atL50 and~480
was used for the excitation focused on the sample surface bym 1. Hence, the appearance of similar bands in the,SiO
a cylindrical lens in order to avoid deterioration of the films. films annealed at 973 K indicates that, upon annealing, some
The laser beam power density used waé W/mnt? for the  Si phase separation occurs, which results in the formation of

. Raman scattering
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FIG. 3. Raman spectra of SiGilms having oxygen content=1.15, 1.3,

1.5, and 1.7 annealed at 523 K for 30 min in argon atmosphere and then at
1303 K for 60 min in nitrogen. All spectra correspond to the same scale.

FIG. 2. Cross-section micrograph of a Siflm with x=1.3 annealed at
1273 K for 60 min in argon atmosphere. Si nanocrystals can be seen uni-
formly distributed in the matrix. The shape of some nanocrystals is close to
spherical while others are anisotropically grown. L. . .
Raman spectra of four Sjdilms with different oxygen

content deposited on crystalline Si substrates and annealed at
small-size amorphous silicon regions in the Si@atrix. The 1303 K for 60 min are shown in Fig. 3. The spectra exhibit,
observed decrease of the 520 ¢nband intensity supports €SSentially, two components—a sharp peak at 520°cand
this suggestion since absorption ®fSi in the blue wave- & Ipw-energy tall_wh|ch does not evqlve mto_a clearly distin-
length region is significantly higher than that of SiQ guishable peak in any sample. As in the films annealed at
>1). In addition, infrared absorption measurem&htmve 973 K, the sharp component can be assigned to the ;ubstrate.
shown an increase in the oxygen content of the, Siatrix W& suggest that the tail represents mostly scattering from
after annealing at 973 K. What is the size of the amorphousilicon nanocrystals grown upon annealing and this is sup-
Si regions? As mentioned above, Si is an indirect band gaperted by a similar Iow—gn_ezrsgy tail observed |3n_zgther Si
semiconductor and in bulk form it does not show photolumi-"anocrystal Raman studé%. In those studle%, the
nescence: radiative recombination may be observed only iR€ak of the Raman band is not significantly shifteslative
silicon particles in which at least one of its dimensions is lesd® the Si single crystal bandbut its low-energy tail is highly
than the free exciton raditi¢Bohr radius-5 nm) of bulk Si. ~ @Symmetric extending down to 450 chin a fashion similar
The strong photoluminescence background in the Ramalf that of the tail of our Raman spectfhig. 3. However,
spectra of the films with oxygen content1.5 implies that, S°Me small part of the scattering in t.he Iqw-frequency tail of
if this luminescence has a quantum confinement origin, th@Ur SpectraFig. 3 may be due t@-Si which has a Raman

82329 21 . .
size of the amorphous silicon nanoparticles in these samplé%eakl aEl 480 cm - extending asymmetrically down to
should be a few nanometers. 250-300 cm-. We do not observe any scattering below 400

cm™ ! and this implies that most of the scattering in the low-
energy tail of our spectra is due to Si nanocrystals. This
conclusion is also supported by our HREM resykgy. 2)

The infrared absorption measurements carried out on thehich show quite a high density of Si nanocrystals in the
SiO, films annealed at 1303 K have shotra complete films annealed at 1273 K. The existence of a significant con-
phase separation with the silicon nanoparticles grown withircentration ofa-Si nanoparticlegnot seen by transmission
a SiO, matrix. A cross-section micrograph of such a Si—SiO electron microscopyin these films does not seem plausible
film (with an initial oxygen content ok=1.3) annealed at because of their rather high oxygen content €x¥ 1.7).

1273 K for 60 min is shown in Fig. 2 in which a quite high ~ Raman spectra have been s&fin the past for the
density of Si nanocrystals can be seen; the shape of sonevaluation of the average size of Si and Ge nanocrystals.
nanocrystals is close to spherical, while others are anisotropfrhis can be achieved either by fitting the experimental curve
ically grown with an aspect ratio of 2. They are uniformly ~ with some expression, which takes into account the finite
distributed in the matrix and their size ranges between abouize effect$*3° or, roughly, by using the theoretically pre-

2 and 8 nm, with a mean diameter .3 nm. On the other dicted relation¥?4~2°of the band position and asymmetry
hand an average nanocrystallite size of 2.6 nm has been ob#th crystallite size. In both approaches the accurate deter-
tained for the average nanocrystallite size for the film withmination of the nanocrystallite band is very important, espe-
x=1.5. So, in agreement with other authr$;***we have cially for films grown onc-Si substrates in the Raman spec-
observed a qualitative increase of the average nanopartictea of which the 520 cm! band also appears. In
size with decreasingand it can be expected that the averagenanocrystalline Si films the scattered light from the film is
size of nanocrystals for films witk=1.6, 1.7 is below 2.5 quite intense, but scattering from the substrate is significantly
nm. reduced by the absorption in the film. This implies that the

2. Silicon nanocrystals
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FIG. 4. Recorded Raman spectrum of a Sfin with x=1.5 (spectrum 1 FIG. 5. Photoluminescence spectra of Sfilms with different oxygen con-
and spectrum obtained after subtraction of a baselimguding lumines-  tent annealed at 973 K for 60 min in argfi@), (b), and(c), upper spectra
cence and noise backgrounand a Lorentzian band peaked at 520 ém  Or 1303 K for 60 min in nitrogeri(a), (b), (c), and(d), lower spectri All
(corresponding to the Raman bandceSi substratk the resulting spectrum ~ Samples have the same thickness of 2 All spectra were excited by the
corresponds to scattering from Si nanocrystals. The dotted lines represent488 nm Ar" laser line and correspond to the same scale.

baseline including the luminescence background and noise and the Loren-

zian band at 520 cit with FWHM of 4.5 cm'* (components subtracted

from the recorded spectrym the same thickness of 02m. In the films with low oxygen
content k=< 1.3), photoluminescence is rather weak after an-
nealing at 1303 K and absent in the samples annealed at 973
K. In the films with high oxygen contenixE& 1.6, 1.3, the
luminescence bands are disposed in the red—green spectral
range and their peak energy is much higher than the optical
scattered from Si nanocrystals is quite low, while the Ramar?anq gap of bulk S|I|cor(1.11.e\{). Generally, for both an- .
line due to thec-Si substrate is rather strong. nealing Femperatures the emission bandshlfts' tp_the red Wlt'h
One can see from Fig. 3 that the sharp band in all spectr?xecreasmg oxygen pontent, but for the same initial composi-
peaks at 520 ciit and has FWHM of 4.5 ciit. Obviously, on, the. phoFqumlne§cence band of amorphous silicon
scattering from the Si nanocrystals is rather weak and do nanopartlcle_zs is b Iuesh ifted pompared to that of nanocrystals.
he intensity of emitted light shows a nonmonotonous

not affect appreciably the shape and position of the substrat : - ;
. change with composition for each annealing temperature. A
band. In an attempt to resolve the nanocrystallite band, we. . ;
. Similar observation has also been reported by other
have subtracted from the measured spectrum of each film 13 15« .
L L . . author315This nonmonotonous change can be attributed
(see Fig. 4 (i) a baseline including the luminescence baCk'to competing effects caused by carrier confinement and ex
ground and noise andi) a Lorentzian band having the peting y

above peak position and FWHM. First, the Lorentzian am-S€SS of silicon atoms in SiQilms. Furthermore, the confine-

plitude was taken to be equal to that of the 520 &and in ment effect becomes weaker with decreasing oxygen content

the measured spectra. After this subtraction, the resultin@l.nd increasing nanocrystallite size which, because of the in-

broadbandspectrum 2 of Fig. #ipeaks at about 510 ¢ irect band gap o€-Si, leads to an intensity decrease. On

: . . : the other hand, the total amount of Si crystallites increases
showing an anticipated shiftn comparison to the peak po-
. . . whenx decreases.
sition of the previously observed Si nanocrystals Raman . . . .
Photoluminescence from nanosized crystalline silicon

3_2 . . .
n in tracting the sharp Lorentzian ban . -
_ba & ) because in subtracting the sha p Lorentzia ba dl’1as been generally attributed to band-to-band radiative re-
inevitably we have also subtracted scattering due to nano-

crystals whose band also peaks around 520 ‘crifhis is combination of electron—hole pairs confined within such

. . =y 113 .
reflected by the variable position and shape of the band after}anopartlcles(the quantum confmgment modgF" 3. It IS
subtraction which have been found to depend on the amp”presumed that for such a radiative process, the excitation

tude used for the sharp Lorentzian band energy should be higher than the optical band gap energy of
Since the precise intensity level of s'cattered light fromSi nanoparticles. Diverse theoretical values for the optical

the c-Si substrate cannot be determined, we conclude that §2° €"€T9Y of Si nanoctrystals have been obtained by various

is not possible to determine correctly the Si nanocrystallitemOdels’ such as the effective-mass model, the tight-binding

size from Raman scattering spectra of Si—Si@in films model, the density-functional model, etsee Ref. 31 and
. - gsp references therein Some modef€ predict relatively high
having a low filling factor.

values for the optical band gap of nanocrystaémging from

1.6 and 2.3 eV for nanocrystal average size between 5.0 and

2.5 nm, respectively while others! produce lower values,
Figure 5 shows photoluminescen@l) spectra of SiQ  closer to the experimental ones; for example, for an average

films with different oxygen content annealed at 973 K for 60nanocrystallite size of 1.5 nm, the optical band gap does not

min [upper spectra ifa), (b), and(c)] and at 1303 K for 60 exceed the value of 2.5 eV. Since the excitation energy used

min [lower spectra ir(a), (b), (c), and(d)]. All samples have in our luminescence experiments is 2.54 éA88 nm Ar*

shape and position of the band originating from the
nanocrystals are not expected to be distorted by scattering
from the substrate. However, in Si—Si@ims the filling

factor is relatively low(<10%* and the intensity of light

B. Photoluminescence
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laser ling, this energy is adequatdigh enough for band-  larger than 1-2 nm because of their low mobilities. The high
to-band luminescence excitation of our films. Of course, &L intensity has also been interpreted in terms of spatial
better picture of the band structure of the Si nanocrystals ofarrier confinemerf®#! Since the average size of amorphous
this work could be obtained using a variety of excitationnanoparticles is less than the capture radius for nonradiative
energies, including also much higher ones than their estirecombination, the quantum efficiency is expected to in-
mated optical gap energies, and this is one of our tasks farrease substantially. The spatial carrier confinement also pre-
the near future. It must be pointed out that there are diverseicts a blueshift of the PL band with decreasing $izé/hen
results concerning the position of photoluminescence of Sihe nanoparticle size decreases, the separation between local-
nanocrystals with exciting energy. Some autfiofsve re- ized tail states(whose recombination produces lumines-
ported a blueshift of PL position with exciting energy, while cence increases. This causes thermalization of electrons
in other report§,4‘36 excitation with either the 325 nm line down to the lowest lying tail states and radiative recombina-
from a He—Cd laser or the 488 nm line of an'Afaser tion occurs between higher states in the conduction band tail
produced similar PL; in the first of these repoftshe nano- and low lying holes in the valence band tail. Such a mecha-
crystallite sizes vary between 2 and 4.7 nm, which is similamism could be responsible for the red PL, but it cannot ex-
to ours. plain PL in the yellow—green spectral range. Thus, we
In the films withx= 1.3 (average nanocrystallite size of reckon that PL from the Sigx=1.5) films annealed at 973
~4.3 nm andx=1.5, we have observed a PL band peakingk may be due to radiative recombination of carriers which
at 1.6 and 1.8 e\(Fig. 5), respectively, and these values areare quantum confined in very small amorphous Si nanopar-
close to the expected position for band-to-band recombindicles. Indeed, for the same composition of Ji@ms,
tion. However, in the films wittk=1.6 and 1.7, in which nanocrystallite size increases with temperattfté!**and,
average nanocrystallite sizes less than 2.5 nm are expectdtgnce, the size of amorphous silicon nanoparticles in films
the observed PL peak energy of eV (Fig. 5) is below the ~annealed at 973 K should be smaller than that of nanocrys-
predicted values of2.3 eV3! Other groups3"*8have also  tals (2.6 nm forx=1.5) grown upon annealing at 1303 K.
reported that, when the Si crystallite size drops below 3 nmJ'he assumption for carrier quantum confinement in amor-
the photoluminescence peak does not exceed the value of 2ous nanoparticles, which are smaller than crystalline ones,
eV. In a recent Study on porous :§|PL from Si nanocrysta]s may eXpIain both the blueshift of the PL bands from the films
smaller than 3 nm has been attributed to radiative recombi@nnealed at 973 KFig. 5 and the higher PL intensity from
nation which involves an electron trapped by=8D double ~amorphous silicon nanoparticle8\Ve recall that, upon an-
bonds at the interfac@roducing localized states in the band Nealing at 973 K, the phase separation is not completed,
and a free hole. The PL emission energy still increases, byhile at 1303 K itis completed; thus, one can expect that the
not as fast as predicted by the quantum confinement moddPtal volume of thea-Si phase formed after annealing at 973
For sizes below 2 nm, recombination via trapped exciton& should be slightly smaller than that of the nc-Si phase
has been suggested and no further PL energy increase is ek2€ 1ack of PL in films withx=1.3 annealed at 973 K and its
pected. It has been assurdhat the existence of large @PPearance upon annealing at 1303 K favors the idea for
stress at the Si—SiQnterface creates dangling bonds at themarginal carrier quantum confinement & Si for sizes
Si nanocrystal surface and=S0 double bonds at the inter- 1arger than 2 nm.
face appear to passivate partly these dangling bonds. Based
on this model, carrier recombination through defect states
rather than band-to-band recombination may be assumed |y coNCLUSIONS
SiQ, films with high oxygen contentx=1.6, 1.7 and ex-
pected nanocrystallite siz€2.5 nm. Thermal evaporation of silicon monoxide in vacuum has
Now we turn our attention to the PL from the films an- been used for deposition of Sj@hin films with oxygen con-
nealed at 973 K, which contain amorphous silicon nanopartent varying between 1.1 and 1.7. Long time stability of the
ticles (Fig. 1). Such PL has been observed only in films with films has been achieved by a postdeposition annealing at 523
high oxygen contentx=1.5) and the PL band peaks be- K for 30 min. There is strong evidence that amorphous and
tween 2 and 2.2 eV. It is blueshifted and more intense comerystalline silicon nanoparticles of various sizes have been
pared to the band from nanocrystals grown in the film withformed upon annealing at 973 and 1303 K, respectively. It
the same initial composition but annealed at 1308-K). 5). has been established that, due to the low volume fraction of
Intense PL has already been observed from, Sillns con-  the silicon nanocrystals in the films, both shape and position
taining amorphous silicon nanoparticle$®!’~*%and porous  of the 1TO band of their Raman spectra are strongly affected
a-Si:H.%° The PL intensity increases and its peak energyby scattering from the substrate and this effect is a serious
blueshifts with decreasing nanoparticle size. It is interestinglrawback in determining their size. Light emission has been
that in some publicatiot%® a quite strong blueshiftfrom observed from both amorphous and crystalline nanoparticles
~1.6 eV, the band gap of bul&-Si, to ~2.0 e\) has been whose peak position redshifts from yellow to the near infra-
reported while in another ofét is smaller(from ~1.6 to  red with increasing nanoparticle size. This PL has been in-
~1.8 eV). Most authors have explained these results in termserpreted in terms of band-to-band recombination in the
of the quantum confinement mod&*31’~%lthough it has nanoparticles having average size greater than 2.5 nm and
been arguett that quantum confinement of holes @Si  carrier recombination through defect states in smaller nano-
should be absent and that of electrons is marginal for sizegarticles.
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