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Hydrogenated amorphous silicon~a-Si:H! and Si–O–H heterogeneous thin films have been
examined for their potential to photoluminesce. In this study, 50 nma-Si:H films were deposited and
oxidized to understand how film morphology affects their optical properties. Glancing angle x-ray
diffraction ~XRD!, x-ray reflectivity, x-ray photoelectron spectroscopy, optical absorption
spectroscopy in the wavelength range 250–1000 nm, and Fourier transform infrared measurements
were used to complement room temperature photoluminescence~PL! studies. The results are
discussed in light of the standard models for room temperature visible PL fora-SiOx :H films and
silicon nanocrystals. The PL peak at 1.6 eV arises from silicon nanocrystals. Modeling this band to
estimate the quantum dot size indicates that the mean silicon crystallite diameter is;5 nm, while
XRD analysis gives;961 nm. The discrepancy in the estimation of crystallite size by the XRD
method and PL analysis is attributed to the columnar growth of the silicon nanocrystals. ©2003
American Vacuum Society.@DOI: 10.1116/1.1547749#
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I. INTRODUCTION

Thin films comprising silicon, oxygen, and hydrogen
homogeneous and heterogeneous morphologies have
studied extensively over the past few decades for their ab
to emit light by radiative recombination.1–4 They continue to
be of interest for their potential application as stable silico
based light emitting materials. If their microstructure cou
be appropriately tailored, it is hoped that efficient electro
minescence could be realized. Numerous studies of var
forms of silicon, silicon oxide and various hydrogenat
combinations thereof, have led to a plentiful spectrum
photoluminescent bands. The most heavily studied form
Si–O–H heterostructures is porous silicon of which mo
than 2000 articles have been published. Confinemen
charge carriers in quantum-sized nanocrystallites is the m
commonly used hypothesis to explain light emission fro
porous Si.5–7 Although the interest in porous Si has be
stimulated by its potential for application in optoelectron
devices,7 the degradation of the photoluminescence and m
chanical instability are some of the issues that render po
silicon unsuitable for these applications.7 Porous silicon is
also being investigated for its chemical and biological ap
cations, exploiting other characteristic properties of this m
terial including high surface area and versatility of synthe
to produce tailored porous layers.8 Recent reports also sug

a!Author to whom correspondence should be addressed; electronic
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gest that the porous silicon might be used in bio-impla
that utilize its mechanical degradation properties.9

Silicon nanocrystals embedded in silicon oxide are
promising candidate for a large number of optoelectronic a
photonic applications1 due to their light-emitting ability, sur-
face stability, and compatibility with silicon-based integrat
circuit technology.4 In the past, cosputtering,10 ion
implantation,11 chemical vapor deposition~CVD!,12 molecu-
lar beam epitaxy,13 and laser ablation14 have been used to
fabricate such structures. Visible luminescence at room t
perature has been observed fora-SiOx :H thin films prepared
by a dual plasma CVD reactor.2 Room temperature photolu
minescence~PL! in the visible range has also been observ
in wide gap hydrogenated amorphous silicon~a-Si:H!.3

These studies have yielded bands from 1.5 to 2.9 eV. At
stage reader is referred to recent review articles on por
silicon15,16and silicon nanocrystals,17 which provide detailed
information on the structural and optical properties of the
silicon nanostructures.

Silicon nanocrystals embedded in a hydrogenated am
phous silicon oxide (a-SiOx :H) matrix, both of which emit
visible room temperature PL, can provide a stable light em
ting silicon-based material. There have been some rep
related to the formation of silicon nanocrystals ina-SiOx :H
film annealed at 1443 K18,19 as well formation of silicon
nanocrystals formed by cw laser-treateda-SiOx :H alloys.20

Zachariaset al.,21 however, had not observed any formatio
of silicon nanocrystals ina-SiOx :H films annealed at 573–
1173 K. It has been observed by some authors22,23 that
il:
7193Õ21„2…Õ719Õ10Õ$19.00 ©2003 American Vacuum Society
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silicon-rich SiO2 films with O/Si,1 formed crystallite par-
ticles when annealed at 1123 K while an annealing temp
ture of 1323 K was required for crystallization in films wit
1,O/Si,1.9. Recently workers at Electrotechnical Labo
tory, Japan24,25 and Kim et al.26 had prepared the silicon
nanocrystals by rapid thermal oxidation~RTO! of a-Si:H24,25

and a-Si films26 in oxygen atmosphere at 1073 K24,25 and
1273 K,26 respectively. However these studies had be
largely devoted to the electrical properties and structu
properties of these devices.

In this article we report the fabrication of silicon nan
crystals by thermal oxidation of plasma enhanced C
~PECVD! a-Si:H films. Our goal is to understand the pro
erties of Si–O–H heterogeneous films made by this proce
to see if the material and method might be a viable route
form group IV light-emitting materials. In these studies w
have observed room temperature visible PL from silic
nanocrystals as well asa-SiOx :H films. As such, we report a
systematic study of the structural, optical, and chem
properties for the as-deposited and annealeda-Si:H films.
Glancing angle x-ray diffraction~GAXRD!, x-ray reflectivity
~XRR!, x-ray photoelectron spectroscopy~XPS!, optical ab-
sorption spectroscopy, Fourier transform infrared~FTIR!,
and PL studies were used to investigate the structural, ch
cal, electrical, and optical properties ofa-Si:H films annealed
in air and probe the growth of silicon nanocrystals embed
in an a-SiOx :H matrix.

II. EXPERIMENT

50 nm thicka-Si:H films were deposited on fused silic
and on Si~100! substrate by PECVD.27 The annealing fur-
nace was heated to the desired temperature and allowe
stabilize for 1 h. The films, deposited on silicon wafers a
fused silica substrates, were placed in covered fused s
beakers and then introduced into the heated furnace. Sam
were annealed for 1 h at673, 873, and 1073 K in air. Afte
the annealing cycle, the furnace was switched off a
samples were allowed to cool to room temperature in
furnace. Before each thermal cycle, the beaker was heate
1200 K for 6 h toensure the removal of any contaminan
that could interfere with the oxidation process of the film
Although our technique was in some ways similar to t
RTO process used by some authors24–26 there were some
basic differences. First of all, the oxidation was performed
a confined volume of air~closed silica beaker! with a fixed
amount of oxygen~21%!; hence, mass transport likel
played a vital role in the oxidation process. Second, the t
perature ramp rate experienced by our films was not as
as that experienced by the sample in RTO~100 °C/s!;26 and
moreover, our samples were cooled to room temperatur
the furnace after the furnace was switched off. Films on s
con wafers were used for XRR, XPS, PL, and FTIR stud
Samples deposited on fused silica were used for optical
sorption spectroscopy. GAXRD studies were carried out
the films deposited on silicon as well as silica substrate.

A Brüker D-8 Discover x-ray diffraction system with a C
x-ray source, line focus optics, and a goniometer hav
J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar ÕApr 2003
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seven axes of motion was used in the GAXRD and XR
measurements. A Go¨bel mirror was placed on the primar
beam side and a scintillation detector on the diffracted be
side during the measurements. A Go¨bel mirror comprises
parabollically bent multilayers with a laterally graded peri
to achieve monochromatic and parallel x-ray beams in
laboratory.28,29

Glancing angle measurements were performed with fi
low angle of incidence and a detector scan was carried ou
record the diffracted x-ray intensity as a function of 2u. In
the GAXRD measurements, a low fixed angle of inciden
minimized the contribution of the substrate to the diffract
pattern due to low x-ray depth of penetration. In our case,
angles of incidence were varied from 0.25° to 0.75° in inc
ments of 0.25° and measurements were performed with
ler slits with ;0.4° separation on the diffracted beam sid
For an incident angle of 0.25°, the estimated depths for
90% contribution to the diffracted beam for Si and SiO2

films were 0.72 and 1.12mm, respectively. The instrumen
alignment was checked using a SiO2 standard.30 The
Warren–Averbach31 method and WIN-CRYSIZE32 software
were used to estimate the crystallite size. In the Warre
Averbach method, the average crystallite size is actually
average of column lengths~averaged over all columns in on
crystallite and averaged over all crystallites in the samp!
while the Scherrer equation calculates a volumetric aver
of crystallite size; hence, the results of average crysta
size using the Warren–Averbach method differs from cr
tallite size evaluated from the Scherrer equation. Through
the remainder of the article the term crystallite size will
used for average column length estimated using the Warr
Averbach method.

XRR measurements using a knife-edge collimator~KEC!
were set up to have a minimum of 1500 counts over
measurement range. The KEC ensures the optimum colli
tion of the primary beam without the intensity reduction o
crystal monochromator. Measurements were performed o
a 2u range of 0.3°–3.0°. The multirange data were norm
ized and the results were simulated using Bru¨ker REFSIM

software.33

XPS measurements were performed using a Phys
Electronics 5800 model instrument. Monochromatic Alka en-
ergy, 1486.6 eV, was employed as an x-ray source. The
lection angle for all the measurements was 45°. An init
survey scan~pass energy 93.9 eV, step size 0.8 eV! was done
to determine the elemental composition. Integrated peak
intensities under O 1s, Si 2p, and C 1s peaks were used fo
estimating the relative elemental composition of the film
The integrated peak area was normalized with respec
each core level atomic sensitivity factor.34 Scans for chemi-
cal state identification of the elements were carried out w
pass energy of 58.7 eV and a step size of 0.13 eV. T
MULTIPAK 35 software by Physical Electronics andXPSPEAK

Version 4.1 software36 were used for peak analysis an
chemical state identification as well as presentation of d
The C 1s peak at 284.3 eV34,37 was used to correct for the
surface charging effect before attempting the chemical s
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identification. The samples were sputtered for 1 min using
ions, to expose the underlying surface and then scanned
elemental composition. A sputter rate of 1.6 nm/min w
determined using a standard 104 nm SiO2 film. The thick-
ness of SiO2 was confirmed using spectroscopic ellipso
etry. Integrated peak area intensities under the O 1s, and
Si 2p peaks were used for estimating the gradient in oxyg
concentration across the film thickness. The integrated p
area was normalized with respect to each core level ato
sensitivity factor. The background pressure during sputte
and measurement was lower than 231026 Pa.

Optical absorption spectroscopy, in the wavelength ra
330–1000 nm, was carried out using a dual-beam Cary
spectrophotometer~Varian Analytical Instruments!. An un-
coated silica substrate was placed in the path of the refer
beam. FTIR transmission measurements in the spectral r
450–4000 cm21 were carried out using a Thermo Nicol
MagnaIR 760 spectrophotometer equipped with DTGS
tector ~KBr window! and XT–KBr beam splitter. The spec
tral resolution for the measurements was 4 cm21. The sample
compartment was purged with nitrogen. The backgrou
spectrum, including uncoated silicon substrate, was reco
and subtracted for each measurement.

PL spectra of solid films on silicon substrates were c
lected with a Jobin Yvon–Spex Fluorolog-3 spectrophoto
eter equipped with a single grating monochromator~1200
grooves/mm! in the excitation and emission paths and a ph
tomultiplier tube emission detector.38 Samples were illumi-
nated with a 450 W xenon cw source at an excitation wa
length of 480 nm. Emission spectra from thin film samp
on silicon substrates were collected in ‘‘front-face’’ mod
with a spectral resolution of 0.5 nm.38 The spectra were ana
lyzed using theGRAMS/AI software.39

III. RESULTS

A. Glancing angle x-ray diffraction

Figures 1~a!–1~c! shows the GAXRD patterns for th
a-Si:H films deposited on silicon substrate and anneale
673, 873, and 1073 K. GAXRD spectra are presented
measurements carried out at a fixed angle of incidence
0.25°. The curve for the as-deposited film was similar to
film annealed at 673 K. As seen in the figure, annealing
films at 673 and 873 K did not cause any change in
diffraction pattern of the film. However, the XRD pattern f
the film annealed at 1073 K showed the presence of sili
~111!, ~220!, and ~311! peaks.40 A comparison of relative
intensity with standard silicon40 indicates the preferred ori
entation lies along the~111! plane. Thea-Si:H films depos-
ited on ‘‘silica’’ substrate and annealed at 1073 K al
showed the presence of crystalline features and is show
Fig. 1~d! for the sake of comparison only.

Our rationale for using two substrates is the following: t
x-ray diffraction signal from silica substrate can interfe
with the signal from the oxidized phase while clearly ind
cating the silicon crystallite formation. However for a film
deposited on a silicon wafer, while the signal from silicon
oxide can be observed, the silicon peak from the silicon s
JVST B - Microelectronics and Nanometer Structures
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strate may overlap the crystalline silicon peak from the fil
The full width half maximum for XRD peaks from the sili
con substrate are much narrower than for silicon nanocrys
or microcrystals. Also if the substrate were oriented it wou
only be coincidental that one reflection could be observ
based on substrate orientation. For an ideal powder, both
2u–u scan and the glancing incidence 2u only scan will
record the same diffraction pattern. However, if the sampl
a single crystal~silicon wafer in our case! the two scans
types will show very different data. Based on these obser
tions, it was determined that the silicon peaks observed
Fig. 1~c! were not from the silicon substrate, but rather fro
the crystalline silicon phase present in the film.

Si ~111! and ~220! peaks@Fig. 1~c!# were chosen for the
estimation of the crystallite size~Warren–Averbach method!
due to the better signal-to-noise ratio. The average sili
crystallite size was found to be 961 nm. Standard silicon
powder was used for comparison and calculation of stra
Figure 2 shows the variation of relative crystallite size, c
mulative crystallite size, and root-mean-square~rms! strain
as a function of crystallite size. As seen in the figure, mos
the crystallites had a size of 6 nm; 50% of them were sma
than 7 nm. The rms strain~arbitrary unit! values of crystal-
lites also showed exponential dependence on crystallite s
rapidly decreasing with increasing crystallite length. Fina

FIG. 1. GAXRD patterns for thea-Si:H films on the silicon substrate at
fixed angle of incidence of 0.25° annealed at:~a! 673 K, ~b! 873 K, and~c!
1073 K. For comparison~d! shows the GAXRD pattern for thea-Si:H film
on silica substrate annealed at 1073 K. The Miller indices for the silic
peaks are also shown.
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the GAXRD results did not indicate the presence of crys
line SiO2 in any of the samples.

B. X-ray reflectivity

XRR is a nondestructive technique that can be used
the estimation of thickness, density, and roughness of sin
layered and multilayered thin film structures. More deta
for the technique are provided elsewhere.33,41–43 The mea-
sured XRR curves for the as-deposited and annealed sam
are shown in Fig. 3. The step size for the measured
simulated curves was 0.003° in theta. As seen in the fig
with increased annealing temperature, the observed Kies43

fringes decayed in intensity at lower angles. This indica
that the films annealed at 873 and 1073 K had larger sur
roughness as compared to the as-deposited and 673 K
nealed film. The simulated XRR results are tabulated
Table I. As seen in the table, the film annealed at 673 K
higher density than the as-depositeda-Si:H film. However,
annealing the film at 873 K did not cause any further den

FIG. 2. ~L! Relative frequency of crystallite size,~n! cumulative frequency
of crystallite size, and~s! rms strain~a. u.! as a function of crystallite size
obtained using the Warren–Averbach method for XRD analysis. Stan
silicon powder was used for the comparison and calculation of strain.
scale has been used for theY axis for the sake of presentation only.

FIG. 3. Measured x-ray reflectivity curve for the:~a! as-depositeda-Si:H
film and annealed at~b! 673 K, ~c! 873 K, and~d! 1073 K. Curves are
separated along theY axis for the sake of presentation only.
J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar ÕApr 2003
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fication of the film. The simulated results for films anneal
at 1073 K indicate the presence of a low-density layer on
of the silicon film.

C. X-ray photoelectron spectroscopy

The measured and fitted Si 2p XPS spectra for the as
deposited and annealed films after sputtering for 3 min
shown in Fig. 4~a!. Intensity on theY axis is plotted in log
scale for the sake of presentation only. The Si 2p peaks were
deconvoluted usingXPSPEAK Version 4.1 software using a
Gaussian–Lorentzian peak profile function and a Shir
background.36 In the Si 2p spectra of the film annealed a
873 K, the peaks at;99 eV and;103.5 originated from Si
and SiO2 , respectively. As seen in the figure, an increas
annealing temperature of 1073 K led to increased forma
of SiO2 in the annealed film. The Si 2p line for elemental
silicon is actually a doublet with the components Si 2p1/2

(SiI
0) and Si 2p3/2 (SiII

0) separated in energy by 0.6 eV and a
area ratio (ASi 2p1/2

/ASi 2p3/2
) of 0.5.44,45 All curves were fit-

ted using the above constraints for the elemental silicon.
ter sputtering the film for 3 min, very little adventitious ca
bon was left on the surface that did not provide very go
signal to the noise ratio for the C 1s peak. Although the C 1s
peak at 284.3 eV was used to carry out a rough correction
the surface charging effect, fixing the binding energy
Si 2p3/2 to 99.5 eV provided a more accurate correction a
the peak positions of all other states were shifted by the s
amount. The Si 2p spectra can be interpreted in terms of t
chemical states for Si in SiOx : Si0, Si11, Si21, Si31, or
Si41. The binding energy for elemental silicon state is;99.5
eV while that of fully oxidized SiO2 (Si41) is ;103.5 eV.34

The energy shift per Si–O bond is usually constant. Roc
et al.44 had found the Si41 – SiI

0 energy shift to be 3.95–4.75
eV depending upon the technique used to modify thea-SiOx

thin film. The peak positions and their assigned states for

rd
g

TABLE I. Simulated XRR results for as-deposited and annealed 50
a-Si:H films.

Sample Layer
Thickness

~nm!
Density

~gm/cm3!

As deposited Silicon 4161 2.1260.05 Layer
Silicon oxide 260.5 1.8860.1 Layer
Silicon ¯ 2.32 Substrate

673 K Silicon 3961 2.3660.05 Layer
Silicon oxide 260.5 1.9460.1 Layer
Silicon ¯ 2.326 Substrate

873 K Silicon 4061 2.3160.05 Layer
Silicon oxide 361 2.0960.1 Layer
Silicon ¯ 2.32 Substrate

1073 K Silicon oxide 261 1.9560.1 Layer
Silicon 4861 2.2960.05 Layer
Silicon oxide 261 1.8860.2 Layer
Silicon ¯ 2.32 Substrate
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samples are tabulated in Table II. The Si41 – SiI
0 energy shifts

were found to be 4.3 and 4.7 eV for the samples anneale
873 and 1073 K, respectively.

Figure 4~b! shows the integrated peak area intensities
der O 1s, and Si 2p peaks as a function of sputtering tim
The first 1–2 min of sputtering led to the removal of adve
titious carbon and oxygen, leading to the fluctuations in
integrated intensities of Si 2p and O 1s peaks. Hence thes
points have been ignored for the analysis. As seen in
4~b! the intensity of O 1s peak for film annealed at 873 K
decreased to negligible values after sputtering the film fo
min. This indicates the presence of an;11 nm thick SiO2

epilayer on top of the amorphous silicon film. However, f
the film annealed at 1073 K, the intensity of O 1s peaks
remained constant for about 10 min of sputtering and t
gradually decreased over 9 min of additional sputtering. T

FIG. 4. ~a! Measured and fitted Si 2p spectra for the as-deposited and a
nealeda-Si:H. ~s! represents the measured data points,~—! represents fit-
ted curve,~• • • •! represents individual peaks, and~ ! represents
background. Curves have been plotted on theY axis for the sake of presen
tation only. ~b! Integrated peak area intensities under O 1s ~s! and Si 2p
~n! peaks as a function of sputtering time fora-Si:H film annealed at 873
and 1073 K.
JVST B - Microelectronics and Nanometer Structures
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indicates an increased oxidation of the film annealed at 1
K and the presence of an oxygen gradient in the underly
buried layer. Detailed analysis of the Si 2p spectra, for the
chemical state identification of Si, was carried out after d
ferent sputtering intervals for films annealed at 873 and 1
K. The results have been tabulated in Tables III and IV
films annealed at 873 K and 1073 K, respectively. As see
Tables III and IV, while the film annealed at 873 K did n
have any oxide component left after being sputtered fo
min, the film annealed at 1073 K still had some compon
of silicon oxide left after sputtering for 19 min. Also, th

TABLE II. Detailed peak profile analysis of Si 2p peak fora-Si:H films after
3 min of sputtering.

Annealing
temperature Peak position Area Chemical state

As deposited 99.5 66.7 Si 2p3/2

100.1 33.3 Si 2p1/2

673 K 99.5 66.7 Si 2p3/2

100.1 33.3 Si 2p1/2

873 K 99.5 21.0 Si 2p3/2

100.1 10.5 Si 2p1/2

103.1 45.8 Si31

103.8 22.7 Si41

1073 K 99.5 3.2 Si 2p3/2

100.1 1.6 Si 2p1/2

104.1 27.2 Si41

104.2 68.0 Si41

TABLE III. Detailed depth profile analysis of Si 2p peak fora-Si:H annealed
at 873 K.

Sputtering
time ~min! Peak position Area

Chemical
state

3 99.5 21.0 Si 2p3/2

100.1 10.5 Si 2p1/2

103.1 45.9 Si31

103.8 22.6 Si41

4 99.5 23.2 Si 2p3/2

100.1 11.6 Si 2p1/2

101.6 29.6 Si21

103.6 35.6 Si41

5 99.5 34.4 Si 2p3/2

100.1 17.2 Si 2p1/2

101.0 20.8 Si11

103.3 27.6 Si41

6 99.5 46.2 Si 2p3/2

100.1 23.1 Si 2p1/2

101.1 17.6 Si11

103.3 13.1 Si41

7 99.5 49.4 Si 2p3/2

100.1 24.7 Si 2p1/2

100.8 18.7 Si11

103.1 07.2 Si31

8 99.5 66.7 Si 2p3/2

100.1 33.3 Si 2p1/2
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ratios of silicon oxide to silicon@A(Si111Si211Si31

1Si41)/A(Si 2p3/21Si 2p1/2)# as well as the stiochiometri
to nonstiochiometric silicon oxide@A(Si41)/A(Si111Si21

1Si31)# decreased below the top solid surface of the o
dized films.

D. Infrared spectroscopy

The FTIR absorbance spectra for the as-deposited and
nealed films are shown in Fig. 5. Figure 5~a! shows the IR
spectrum for the as-depositeda-Si:H film. The integrated
intensity of the 880 cm21 band decreased with increased a
nealing temperature. Si–H and SiH2 bands, around 2000 an
2100 cm21, respectively, were also observed in as-depos
film @Fig. 5~a!#.3 As a consequence of annealing at 673 K, t
integrated intensity of Si–H bands decreased by a factor o
As seen in Figs. 5~c! and 5~d!, the Si–H and SiH2 bands
were absent in the films annealed at 873 and 1073 K an
peak corresponding to Si–O(s) appeared in the vicinity of
1075 cm21. The integrated peak intensity of the Si–O(s)

TABLE IV. Detailed depth profile analysis of Si 2p peak fora-Si:H annealed
at 1073 K.

Sputtering
time ~min! Peak position Area

Chemical
state

3 99.5 3.2 Si 2p3/2

100.1 1.6 Si 2p1/2

104.1 27.2 Si41

104.2 68.0 Si41

8 99.5 2.5 Si 2p3/2

100.1 1.3 Si 2p1/2

103 8.6 Si31

104.3 87.6 Si41

10 99.5 05.8 Si 2p3/2

100.1 02.9 Si 2p1/2

101.6 06.2 Si21

104.2 85.1 Si41

12 99.5 17.8 Si 2p3/2

100.1 08.9 Si 2p1/2

101.8 13.2 Si21

104.2 60.1 Si41

14 99.5 31.8 Si 2p3/2

100.1 15.9 Si 2p1/2

101.5 15.4 Si21

104.3 36.9 Si41

16 99.5 43.8 Si 2p3/2

100.1 21.9 Si 2p1/2

101.5 11.9 Si21

104.3 22.4 Si41

18 99.5 52.0 Si 2p3/2

100.1 26.0 Si 2p1/2

101.6 08.7 Si21

104.4 13.1 Si41

19 99.5 56.0 Si 2p3/2

100.1 28.0 Si 2p1/2

102.2 07.2 Si21

104.5 08.8 Si41
J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar ÕApr 2003
-

n-

-

d
e
3.

a

vibration increased with annealing temperature. Peak an
sis of the 1075 cm21 band concluded that it was comprise
of two peaks centered at 1075 and 1060 cm21. It has been
reported that the frequency of the Si–O(s) vibration varies
monotonically from 940 cm21 in oxygen-doped amorphou
silicon (a-SiOx ;x50) to 1075 cm21 in stoichiometric
a-SiO2 (a-SiOx ;x52).2,46 Using this relation we concluded
that the peak at 1060 cm21 corresponds tox51.75 for
a-SiOx . Consequently, the films annealed at 873 and 107
were likely composed of stoichiometric and nonstoichiom
ric a-SiO2 . The band near 600 cm21 was attributed to a
silicon oxide layer on the substrate~Si–O terminal groups!47

and has not been used in the analysis.

E. Optical absorption spectroscopy

Figure 6 shows the absorbance spectra in the wavele
range 330–1000 nm for as-deposited and annealed films.
optical band gaps for the films were calculated using Tau
plot48 defined by the relation in Eq.~1!:

~ahn!1/25B~hn2Eg!, ~1!

wheren is the photon frequency in cm21, B is a constant,Eg

is the Tauc’s gap, anda is the optical absorption coefficien
The variation of band gap with annealing is shown in t

FIG. 5. FTIR absorbance spectra for the as-deposited and annealeda-Si:H
films. The intensity data for points greater than 1900 cm21 have been mul-
tiplied by a factor of 5 to elucidate the Si–H bands in the range 2000–2
cm21.
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inset of Fig. 6. As seen in the curve, the band gap remai
constant with the increased annealing temperature until
K. However, with further annealing to 1073 K, the band g
increased rapidly. We attributed this to the formation
wide-gapa-SiO22x . The optical gap ofa-Si:H is around 1.7
eV and that of SiO2 is about 10 eV.49,50 Hence any suboxide
of silicon will have an optical gap within the range of 1.7–1
eV, depending upon the composition of the alloy.50 Singh and
Davis51 had found the Tauc’s gap fora-SiOX :HY to vary
from 1.88 to 2.46 eV asx was changed from 0.7 to 1.5 fo
the a-SiOx sample (@H/Ar#%50) and 2.0–2.9 eV for 0.7
<x<1.5 with 10<@H/Ar#%<33. Hamedet al.52 had also
found a band gap of 3.3 eV fora-SiOX :H for N2O/SiH4

53. No distinct features for crystalline silicon were seen
the absorbance spectra for the film annealed at 1073 K
nally, the volume fraction of silicon nanocrystallites seems
be large enough to appear in the XRD pattern, but l
enough to be masked bya-SiO22X and/or a-SiOX :H ab-
sorption features. This assumption was in line with GAXR
XPS, and FTIR results for these samples.

F. Photoluminescence studies

Figure 7 shows the room temperature PL spectra for
as-deposited and annealeda-Si:H films. As seen in Fig. 7, the
PL peak at 2.05 eV and a relatively weak/diffuse PL peak
2.15 eV were observed for the as-deposited film. The str
peak at 2.05 eV was due to thea-Si:H, while the weak peak
at 2.15 eV could be due to the surface-oxidized hydrogena
amorphous silicon. Room temperature PL in the range 6
1000 nm for a-Si:H films, with band gap in the interva
2.03–2.14 eV, had been attributed to the presence of S2

and SiH3 groups.3 In our samples, we observed the Si–H
band at 2085 cm21. Based on the work by Furukawa an
Matsumoto,53 we concluded thatn51 for – (SiH2)n– (n
,11) units in our samples.

FIG. 6. Optical absorbance spectra for the as-deposited and annealeda-Si:H
films: ~a! as-deposited,~b! 673 K, ~c! 873 K, and~d! 1073 K. Curves have
been separated along theY axis for the sake of presentation. Inset shows
variation of Tauc’s band gap energy as a function of annealing tempera
300 K has been used for the as-deposited film.
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All of the annealed films showed very different spectra,
which the 2.05 eV band was completely absent. While
sample annealed at 673 K did not show any discernable
bands~other than a spike in counts!; PL bands appeared a
1.6, 1.7, 1.9, 2.0, and 2.1 eV for the films annealed at 8
and 1073 K. The peak at 1.7 eV was attributed to
localized-to-localized state transitions in amorphous silic
and silicon based alloys, while the peaks at 2.9 and 2.1
were attributed to molecular-like~or defect-like! transitions.2

We had not observed the peak at 2.9 eV due to the excita
source~480 nm! used in the current studies. The peak at 1
eV was possibly due to the nonbridging oxygen-hole cen
(wSi–O•).54 The 873 and 1073 K films showed muc
higher levels of PL than for the as-deposited film. Final
from 873 to 1073 K, the relative intensities of the pea
remained the same, but the overall intensity of the ba
doubled in intensity.

IV. DISCUSSION

The GAXRD measurements on hydrogenated amorph
silicon films annealed at 1073 K showed the presence o
61 nm silicon nanocrystallites, dispersed in an amorph
matrix. Differences in the coefficient of linear thermal e
pansion for bulk silicon (2.631026 K21) and silicon–oxide
(0.631026 K21) caused the strain to occur in the silico
nanocrystals. However, no data are available for the varia
of coefficient of thermal expansion for silicon nanocrysta

re.

FIG. 7. Room temperature PL spectra for the as-depositeda-Si:H film and
films annealed at 873 and 1073 K. The excitation wavelength was 480
and emission spectra were collected in ‘‘front-face’’ mode.
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with a larger surface to volume ratio as compared to the b
materials. The strain in the nanocrystals followed the
pected inverse relation with the crystallite size, i.e., rapi
decreasing with increased crystallite size.55–57

The density of the as-depositeda-Si:H film estimated
from the XRR measurements was lower than the crystal
silicon. This was due to its amorphous nature and the p
ence of hydrogen in the film. As evident from the decay
the Kiessig43 fringes at lower angles in the XRR data, th
films annealed at higher temperature exhibited higher rou
ness. The contributions from silicon and its oxide interfac
to the reflected intensity were weak due to the small cont
between the density of silicon and its oxide. Hence, the se
ration of the contributions from silicon and its oxide in th
XRR curves was not only difficult to decouple but also su
ject to large uncertainties and error in the simulated resu

XPS results were indicative of increased oxidation of
surface as the annealing temperature was increased from
to 1073 K. Depth profile analysis of the film annealed at 8
K indicated the presence of about an;11 nm epilayer of
silicon oxide comprising stiochiometric and nonstiochiom
ric SiO2 . Oxygen content decreased rapidly below the s
face of the oxide layer. However the film annealed at 10
K, comprised approximately the top half-layer of oxide wi
constant oxygen concentration while the other half-layer
the oxide had an oxygen gradient decreasing toward the
con interface. Detailed analysis of Si 2p spectra after 3 min
of sputtering indicated that the oxide surface of the film a
nealed at 1073 K was completely oxidized or stiochiomet
The absence of a nonstiochiometric component of silic
oxide in the detailed analysis was due to the surface sens
nature of XPS. The inelastic mean free path~IMFP! had been
defined as the average of the distances, measured alon
trajectories, that particles with a given energy travel betw
inelastic collisions in a substance.34,58 The estimated value
of IMFP for Si and SiO2 , at energies corresponding t
Al Ka x rays were;3.2 and 4.0 nm, respectively.59

For the films annealed at 873 and 1073 K, detailed an
sis of the Si 2p spectra after different sputtering interva
clearly indicated that the film surface toward the silicon
terface had a lower oxidation state as compared to the
surface of the film. Finally, the XRD measurements did n
indicate the presence of crystalline SiO2 peaks, hence the
oxidation of amorphous silicon under the present conditi
led to the formation of amorphous silicon–oxide.

As seen in the IR results, annealing the film in air at 6
K led to the loss of Si–H and SiH2 units, leading to hydro-
gen gas evolution. However, the loss of these units and
drogen was not completed at 673 K, as Si–H peaks were
observed. Increasing the annealing temperature to 873 K
to the complete loss of Si–H and SiH2 accompanied by H2
and possibly H2O evolution from the film. No peaks corre
sponding to Si–H and SiH2 were observed within the detec
tion limit of the instrument for the sample annealed at 873
The annealing at 873 K also led to limited oxidation of t
film as supported by the presence of two new peaks in
vicinity of 1075 cm21, suggesting that the oxidation of th
J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar ÕApr 2003
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film generated stoichiometric and nonstoichiometrica-SiO2 .
Increasing the annealing temperature led to an increas
area of the peaks around 1075 cm21. The integrated intensity
of the peak for stoichiometrica-SiO2 increased by a facto
of 2.4 and the integrated intensity of peak for nonstioch
metric a-SiO2 increased by a factor of 4.7 as temperatu
increased. Also, with the increased annealing temperat
the ratio of integrated intensity fora-SiO22x :H to a-SiO2 :H
increased from 1.8 to 3.5. This behavior could be attribu
to the limited volume of the air in which the sample w
heated, suggesting that mass transport limited the reac
rate.

The PL data showed that the annealing processes
which these films were subjected, resulted in crystallite f
mation at temperatures as low as 873 K. As heating occur
the hydrogen within thea-Si:H evolved, leaving behind a
high density of dangling bonds that acted as nonradia
recombination centers and quenched the PL signal. This
supported by the loss of the 2.05 eV band during heating
the same time, they acted as sites for the initiation of
evolution of small crystallites. Simultaneously, oxidation
the film occurred. The oxidation may have led to an init
alloy of dehydrogenated amorphous silicon, silicon nan
rystals, and silicon oxide. The formation of the band at 1
eV could be caused by the remaining dehydrogenated am
phous silicon regions that were allowed to PL since th
were electrically isolated from adjacent regions, thus loc
izing carriers. As annealing progressed, oxidized fraction
the film increased, leading to the evolution of the strong
eV band.

We attributed the peak at 1.6 eV in the PL spectra of
a-Si:H film annealed at 873 K to the growth of quantu
confined silicon nanocrystals in thea-SiOx :H matrix. Lack
of silicon features in the XRD pattern for this film could b
due to the low volume fraction of silicon nanocrystals in t
sample, which do not effectively contribute to the diffract
intensity. However, with increased annealing temperat
~1073 K! increased oxidation of the film occurred. This n
only led to the formation of a more nonstoichiometr
a-SiO22x :H in the film, but also led to the increased grow
of silicon nanocrystals. With increased annealing, the
peak at 1.6 eV did not shift. This indicated that the crystal
size of the silicon nanocrystals remained constant with
nealing, although their volume fraction increased with a
nealing.

Chenet al.60 modeled the contribution of quantum con
finement to luminescence from silicon nanoclusters. Trwo
et al.61 extended this model taking into consideration the
cillator strength as a function of an increasing crystal dia
eter. Quantum confinement effects are only significant
systems in which the Bohr radius of the exciton is on t
order of or larger than the size of the confined system.
silicon, the bulk exciton Bohr diameter (2aB) is .10 nm. In
a semiconductor, quantum confinement leads to an incre
in the band gap energy and an associated increased prob
ity of radiative transfer.61 Based on the model for the lumi
nescence spectrum of silicon nanocrystals by Chenet al.and
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727 Kohli et al. : Fabrication and characterization of silicon nanocrystals 727
extended by Trwogaet al., assuming the radiative recomb
nation of confined excitons to be the major contributor to
luminescence spectra, the spectrumS(DE) can be repre-
sented as

S~DE!5P~DE!3 f ~DE!. ~2!

HereP(DE) is the line shape of the luminescence spectr
due to the quantum confinement of the silicon nanocryst
taking into account the increase in electron–hole pairs w
increasing size, and is defined as60

P~D!5
K

DE3 expH 2
1

2 S d0

s D 2F S DE0

DE D 1/2

21G2J . ~3!

Also

DE5hv2~Eg2Eb!, ~4!

where Eg is the bulk silicon band gap,Eb is the exciton
binding energy, and

DE05c/d2, ~5!

wherec is the proportionality constant~1323 eV Å2!,60 d the
crystal diameter,d0 the mean cluster diameter,s the standard
deviation, andK the normalization constant. The expressi
f (DE) describes the oscillator strength as a function of cl
ter diameter and is expressed as

f ~DE!50.15DE2.25. ~6!

We modeled the PL peak between 1.5 and 1.7 eV for
silicon nanocrystal on the basis of Eq.~2! with the results
shown in Fig. 8. Data for this modeling were acquired
longer duration for improved signal to noise ratio. Based
the above-mentioned modeling, the estimated value of
con nanocrystal diameterd was found to be 5.13 nm with a
standard deviation of 1.2%. However, the crystallite size
timated using XRD was 961 nm. Since the functionf (DE)
in Eq. ~6! applies to the smallest dimension of an irregu
crystallite,61 this discrepancy in crystallite size can be attr

FIG. 8. Calculated~ ! and experimental~—! PL spectra for the sili-
con nanocrystals on the basis of model proposed by Chenet al. and ex-
tended by Trwogaet al. The diameter of silicon nanocrystal was estimat
to be 5.13 nm with a standard deviation of 1.2%.
JVST B - Microelectronics and Nanometer Structures
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uted to the columnar growth of the silicon nanocrystals
seems that the low temperature PECVD process facilita
the growth of columnar morphology for the as-deposit
films. It had been shown by Tanakaet al.62 that if the sub-
strate temperature was low~,573 K!, then the diffusion co-
efficientDS was reduced ina-Si:H and microvoids~10–100
Å! were readily formed. Also, if films were grown with
SiH2 , which has a larger sticking coefficient, hence a sma
DS , voids and columnar structures were formed ina-Si:H,
irrespective of the substrate temperature.62,63As the film was
heated to higher temperature, hydrogen evolution from
film led to the formation of dangling bonds. The danglin
bonds of Si were exposed at the surface to adsorbed
environmental oxygen present, thus causing oxidation al
the voids and vacancies caused by hydrogen evolution. W
increasing temperature, there was an increased oxygen d
sion into the film toward the substrate. In addition, the o
dation and oxygen diffusion appeared directional, as the o
gen only came from the top plane of the sample, leading
the columnar growth of the silicon nanocrystals.

V. CONCLUSIONS

Visible room temperature PL had been observed in
wide-gap hydrogenated amorphous silicon. The origin of t
PL could be attributed to the presence of oligosilane a
electron–hole recombination in tail states of hydrogena
amorphous silicon. Absence of discernable features in
room temperature PL spectra of the sample annealed at
K could be attributed to the loss of hydrogen and creation
dangling bonds that acted as nonradiative defect cen
With an increased annealing temperature of 873 K, PL pe
corresponding toa-SiO22x :H, nonbridging oxygen hole
centers (wSi–O•) and silicon nanocrystals appeared. Ho
ever, the XRD pattern did not show the presence of crys
line silicon nanocrystals. This could be attributed to the lo
volume fraction of silicon nanocrystals, which did not effe
tively contribute to the diffracted x-ray intensity. As th
samples were heated to 1073 K, weak PL peaks bec
more pronounced. Although the XRD pattern showed
presence of silicon nanocrystals with an average crysta
size of 961 nm, the PL peak did not shift in energy. Th
indicated that annealing at 1073 K led to the isolated grow
of silicon nanocrystals, thus causing the increased volu
fraction of the silicon nanocrystals without the increase
the crystallite size of the nanocrystals. The luminesce
spectrum for silicon nanocrystals at 1073 K was mode
and the value of the silicon crystal size was estimated to
;5 nm. The discrepancy in the estimated crystal size on
basis of PL and XRD analysis was attributed to the colum
growth of silicon nanocrystals, since the function for the o
cillator strengthf (DE) applied to the smallest dimension o
the irregular crystal. The low temperature PECVD proce
facilitates the growth of columnar morphology for the a
deposited films. This allowed for preferred oxidation alo
the void and vacancies caused by hydrogen evolution fr
the sample. In addition, the oxidation was directional, as
oxygen only came from the top plane of the sample, lead
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728 Kohli et al. : Fabrication and characterization of silicon nanocrystals 728
to the columnar growth of the silicon nanocrystals. It sho
also be noted that the PL signal from our samples was w
as compared to those reported for other silicon nanost
tures in the literature, some of which are cited here.15,17,20,64

This could be a result of large defect centers/dangling bo
that were created by structural ordering, oxidation, and
drogen removal from films. These nonradiative defect c
ters quench the PL signal. Annealing the films in forming g
would reduce the density of these defect centers, ther
improving the intensity of the PL signal.
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