Fabrication and characterization of silicon nanocrystals by thermal
oxidation of a-Si:H films in air
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Hydrogenated amorphous silico@-Si:H) and Si—O—H heterogeneous thin films have been
examined for their potential to photoluminesce. In this study, 5@BitH 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 photoluminesc@tidestudies. The results are
discussed in light of the standard models for room temperature visible Ri- &0, :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 diametemis, while

XRD analysis gives~9=1 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 nanocrystaB00®
American Vacuum Society.DOI: 10.1116/1.1547749

[. INTRODUCTION gest that the porous silicon might be used in bio-implants
that utilize its mechanical degradation properties.

Thin films comprising silicon, oxygen, and hydrogen as  Sjlicon nanocrystals embedded in silicon oxide are a
homogeneous and heterogeneous morphologies have begfbmising candidate for a large number of optoelectronic and
studied extensively over the past few decades for their abilityyhotonic applicatiorisdue to their light-emitting ability, sur-
to emit light by radiative recombinationi* They continue to  face stability, and compatibility with silicon-based integrated
be of interest for their potential application as stable silicon-circuit technology In the past, cosputtering, ion
based light emitting materials. If their microstructure couldimplantation!* chemical vapor depositiofCVD),'? molecu-
be appropriately tailored, it is hoped that efficient electrolu-lar beam epitaxy® and laser ablatioff have been used to
minescence could be realized. Numerous studies of variougabricate such structures. Visible luminescence at room tem-
forms of silicon, silicon oxide and various hydrogenatedperature has been observed &6i0, :H thin films prepared
combinations thereof, have led to a plentiful spectrum ofby a dual plasma CVD reactdiRoom temperature photolu-
photoluminescent bands. The most heavily studied form ofninescencé&PL) in the visible range has also been observed
Si—O—-H heterostructures is porous silicon of which morein wide gap hydrogenated amorphous silicéaSi:H).2
than 2000 articles have been published. Confinement ofhese studies have yielded bands from 1.5 to 2.9 eV. At this
charge carriers in quantum-sized nanocrystallites is the mostage reader is referred to recent review articles on porous
commonly used hypothesis to explain light emission fromS”iCOhls'lGand silicon nanocrystai’g,which provide detailed
porous SP~’ Although the interest in porous Si has beeninformation on the structural and optical properties of these
stimulated by its potential for application in optoelectronic Silicon nanostructures.
devices| the degradation of the photoluminescence and me- Silicon nanocrystals embedded in a hydrogenated amor-
chanical instability are some of the issues that render poroughous silicon oxide §-SiO, :H) matrix, both of which emit
silicon unsuitable for these applicatioh®orous silicon is Visible room temperature PL, can provide a stable light emit-
also being investigated for its chemical and biological appli-ting silicon-based material. There have been some reports
cations, exploiting other characteristic properties of this malelated to the formation of silicon nanocrystalsaSiO, :H
terial including high surface area and versatility of synthesidilm annealed at 1443 R as well formation of silicon

P . 20
to produce tailored porous layétRecent reports also sug- nanocrystals fozrlmed by cw laser-trea@d5i0, :H alloys™
Zachariaset al,“* however, had not observed any formation

dauthor to whom correspondence should be addressed; electronic maipf silicon nanocryStals im-SiOg(:H films annealed at 573—
skohli@lamar.colostate.edu 1173 K. It has been observed by some autfforsthat
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silicon-rich SiQ films with O/Si<1 formed crystallite par- seven axes of motion was used in the GAXRD and XRR
ticles when annealed at 1123 K while an annealing temperaneasurements. A Gel mirror was placed on the primary
ture of 1323 K was required for crystallization in films with beam side and a scintillation detector on the diffracted beam
1<0J/Si<1.9. Recently workers at Electrotechnical Labora-side during the measurements. A'li&b mirror comprises
tory, Japaf*®® and Kim et al?® had prepared the silicon parabollically bent multilayers with a laterally graded period
nanocrystals by rapid thermal oxidati6RTO) of a-Si:H?*#?®  to achieve monochromatic and parallel x-ray beams in the
and a-Si films®® in oxygen atmosphere at 1073°4° and  laboratory?®%°
1273 K28 respectively. However these studies had been Glancing angle measurements were performed with fixed
largely devoted to the electrical properties and structuralow angle of incidence and a detector scan was carried out to
properties of these devices. record the diffracted x-ray intensity as a function @ Zn

In this article we report the fabrication of silicon nano- the GAXRD measurements, a low fixed angle of incidence
crystals by thermal oxidation of plasma enhanced CVDminimized the contribution of the substrate to the diffracted
(PECVD) a-Si:H films. Our goal is to understand the prop- pattern due to low x-ray depth of penetration. In our case, the
erties of S-O—H heterogeneous films made by this processangles of incidence were varied from 0.25° to 0.75° in incre-
to see if the material and method might be a viable route tenents of 0.25° and measurements were performed with sol-
form group IV light-emitting materials. In these studies we ler slits with ~0.4° separation on the diffracted beam side.
have observed room temperature visible PL from siliconFor an incident angle of 0.25°, the estimated depths for the
nanocrystals as well & SiO, :H films. As such, we reporta 90% contribution to the diffracted beam for Si and $iO
systematic study of the structural, optical, and chemicatims were 0.72 and 1.12m, respectively. The instrument
properties for the as-deposited and anneaesi:H films.  alignment was checked using a SiGstandard® The
Glancing angle x-ray diffractiofGAXRD), x-ray reflectivity  \warren—Averbacht method andwin-cRysizE®? software
(XRR), x-ray photoelectron spectroscopyPS), optical ab- \were used to estimate the crystallite size. In the Warren—
sorption spectroscopy, Fourier transform infraré@elIR),  Averbach method, the average crystallite size is actually an
and PL studies were used to investigate the structural, Chemétverage of column lengthaveraged over all columns in one
cal, electrical, and optical properties®$i:H films annealed  ¢ystallite and averaged over all crystallites in the sanple
in air and probe the growth of silicon nanocrystals embeddeg e the Scherrer equation calculates a volumetric average

in ana-SiG, :H matrix. of crystallite size; hence, the results of average crystallite
size using the Warren—Averbach method differs from crys-
II. EXPERIMENT tallite size evaluated from the Scherrer equation. Throughout

the remainder of the article the term crystallite size will be

50 nm thicka-Si:H films were deposited on fused silica : .
used for average column length estimated using the Warren—

and on S(100 substrate by PECVE. The annealing fur-
nace was heated to the desired temperature and allowed ﬁyerbaoh method. i , i

stabilize for 1 h. The films, deposited on silicon wafers and XRR measurements using a knife-edge collimateC)
fused silica substrates, were placed in covered fused silicY€® Set up to have a minimum of 1500 counts over the

beakers and then introduced into the heated furnace. SamplB&asurement range. The KEC ensures the optimum collima-
were annealed fol h at673, 873, and 1073 K in air. After tion of the primary beam without the intensity reduction of a

the annealing cycle, the furnace was switched off and'yStal monochromator. Measurements were performed over
samples were allowed to cool to room temperature in thé 20 range of 0.3°~3.0°. The multirange data were normal-
furnace. Before each thermal cycle, the beaker was heated {#£d an%gthe results were simulated using KEMUREFSIM
1200 K for 6 h toensure the removal of any contaminants SOftware:
that could interfere with the oxidation process of the films. XPS measurements were performed using a Physical
Although our technique was in some ways similar to theElectronics 5800 model instrument. Monochromatig Adn-
RTO process used by some autfforé there were some €rgy, 1486.6 eV, was employed as an x-ray source. The col-
basic differences. First of all, the oxidation was performed inlection angle for all the measurements was 45°. An initial
a confined volume of aifclosed silica beakgmith a fixed ~ Survey scaripass energy 93.9 eV, step size 0.8 &ls done
amount of oxygen(21%); hence, mass transport likely to determine the elemental composition. Integrated peak area
played a vital role in the oxidation process. Second, the temintensities under Og, Si2p, and C % peaks were used for
perature ramp rate experienced by our films was not as fagistimating the relative elemental composition of the films.
as that experienced by the sample in RTXD0°C/$;?® and  The integrated peak area was normalized with respect to
moreover, our samples were cooled to room temperature i@ach core level atomic sensitivity fact§rScans for chemi-
the furnace after the furnace was switched off. Films on sili-cal state identification of the elements were carried out with
con wafers were used for XRR, XPS, PL, and FTIR studiespass energy of 58.7 eV and a step size of 0.13 eV. The
Samples deposited on fused silica were used for optical abULTIPAK ** software by Physical Electronics an@sPEAK
sorption spectroscopy. GAXRD studies were carried out onversion 4.1 softwar® were used for peak analysis and
the films deposited on silicon as well as silica substrate. chemical state identification as well as presentation of data.
A Brliker D-8 Discover x-ray diffraction system with a Cu The C 1s peak at 284.3 e¥#*" was used to correct for the
x-ray source, line focus optics, and a goniometer havingurface charging effect before attempting the chemical state

J. Vac. Sci. Technol. B, Vol. 21, No. 2, Mar /Apr 2003



721 Kohli et al.: Fabrication and characterization of silicon nanocrystals 721

identification. The samples were sputtered for 1 min using Ar
ions, to expose the underlying surface and then scanned fo
elemental composition. A sputter rate of 1.6 nm/min was
determined using a standard 104 nm Sidm. The thick-
ness of Si@ was confirmed using spectroscopic ellipsom-
etry. Integrated peak area intensities under thesOdnd
Si2p peaks were used for estimating the gradient in oxygen
concentration across the film thickness. The integrated peal
area was normalized with respect to each core level atomic
sensitivity factor. The background pressure during sputterings
and measurement was lower thax 20 © Pa. g
Optical absorption spectroscopy, in the wavelength range%
330-1000 nm, was carried out using a dual-beam Cary 50CF
spectrophotometefVarian Analytical Instrumenjs An un- 5 (b)
coated silica substrate was placed in the path of the referenc=
beam. FTIR transmission measurements in the spectral rang
450—4000 cm! were carried out using a Thermo Nicolet
MagnalR 760 spectrophotometer equipped with DTGS de-
tector (KBr window) and XT—KBr beam splitter. The spec-
tral resolution for the measurements was 4 ¢nThe sample (a)
compartment was purged with nitrogen. The background
spectrum, including uncoated silicon substrate, was recordec
and subtracted for each measurement.

Silica substrate
‘/

PL spectra of solid films on silicon substrates were col- | . ‘ ; Pobtests s .
lected with a Jobin Yvon—Spex Fluorolog-3 spectrophotom- 10 20 30 40 50 60 70 80 90
eter equipped with a single grating monochromatb200 2Theta (Degrees)

grooves/mmin the excitation and emission paths and a pho- o y
tomultiplier tube emission detectdt.Samples were illumi- E;(‘z dﬁ@@ﬁﬁgigﬁiﬁ%ﬂ"&,§h§'§§?92:3d5(3?6§'§e2'i'ﬁfgfguﬁfﬁﬁcﬁt a
nated with a 450 W xenon cw source at an excitation waveig73 k. For comparisofd) shows the GAXRD pattern for the-Si:H film
length of 480 nm. Emission spectra from thin film sampleson silica substrate annealed at 1073 K. The Miller indices for the silicon
on silicon substrates were collected in “front-face” mode Peaks are also shown.
with a spectral resolution of 0.5 n#fi The spectra were ana-
lyzed using thesrams/Al software®
strate may overlap the crystalline silicon peak from the film.

[Il. RESULTS The full width half maximum for XRD peaks from the sili-
con substrate are much narrower than for silicon nanocrystals
or microcrystals. Also if the substrate were oriented it would

Figures 1a)-1(c) shows the GAXRD patterns for the only be coincidental that one reflection could be observed
a-Si:H films deposited on silicon substrate and annealed atased on substrate orientation. For an ideal powder, both the
673, 873, and 1073 K. GAXRD spectra are presented foR6—6# scan and the glancing incidence &nly scan will
measurements carried out at a fixed angle of incidence akcord the same diffraction pattern. However, if the sample is
0.25°. The curve for the as-deposited film was similar to thea single crystal(silicon wafer in our casethe two scans
film annealed at 673 K. As seen in the figure, annealing théypes will show very different data. Based on these observa-
films at 673 and 873 K did not cause any change in thdions, it was determined that the silicon peaks observed in
diffraction pattern of the film. However, the XRD pattern for Fig. 1(c) were not from the silicon substrate, but rather from
the film annealed at 1073 K showed the presence of silicothe crystalline silicon phase present in the film.
(112), (220), and (311) peaks®® A comparison of relative Si (111 and (220) peaks[Fig. 1(c)] were chosen for the
intensity with standard silicdfl indicates the preferred ori- estimation of the crystallite siz&Varren—Averbach method
entation lies along thé€l1l) plane. Thea-Si:H films depos- due to the better signal-to-noise ratio. The average silicon
ited on “silica” substrate and annealed at 1073 K alsocrystallite size was found to beZ91 nm. Standard silicon
showed the presence of crystalline features and is shown ipowder was used for comparison and calculation of strain.
Fig. 1(d) for the sake of comparison only. Figure 2 shows the variation of relative crystallite size, cu-

Our rationale for using two substrates is the following: themulative crystallite size, and root-mean-squéms) strain
x-ray diffraction signal from silica substrate can interfereas a function of crystallite size. As seen in the figure, most of
with the signal from the oxidized phase while clearly indi- the crystallites had a size of 6 nm; 50% of them were smaller
cating the silicon crystallite formation. However for a film than 7 nm. The rms straiarbitrary uni} values of crystal-
deposited on a silicon wafer, while the signal from silicon-lites also showed exponential dependence on crystallite size,
oxide can be observed, the silicon peak from the silicon subrapidly decreasing with increasing crystallite length. Finally,

A. Glancing angle x-ray diffraction
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100 2 TaLe |. Simulated XRR results for as-deposited and annealed 50 nm
« a-Si:H films.
S
9 = Thickness Density
%j E Sample Layer (nm) (gm/cn?)
§ 10 T1s As deposited  Silicon 4%1 2.12£0.05 Layer
g 3 Silicon oxide  2+0.5 1.88-0.1  Layer
w & Silicon e 2.32 Substrate
0
= 673 K Silicon 3g-1 2.36:0.05 Layer
1 ‘ 0 Silicon oxide  2:0.5 1.94:0.1 Layer
0 5 10 15 20 25 Silicon B 2.32+ Substrate
Crystallite Size (nm) 873 K Silicon 40-1 2.31+0.05  Layer
Sili id 3*1 2.09:0.1 L
Fic. 2. () Relative frequency of crystallite siz€)\) cumulative frequency S:I:zgz oxide 230 S?J{)esrtrate
of crystallite size, andO) rms strain(a. u) as a function of crystallite size '
obtained using the Warren—Averbach method for XRD analysis. Standardg73 k Silicon oxide  2-1 1.95+0.1 Layer
silicon powder was used for the comparison and calculation of strain. Log Silicon 48+1 2.29-0.05  Layer
scale has been used for theaxis for the sake of presentation only. Silicon oxide  2r1 1.88+0.2 Layer
Silicon . 2.32 Substrate

the GAXRD results did not indicate the presence of crystal-
line SiG, in any of the samples.

fication of the film. The simulated results for films annealed
at 1073 K indicate the presence of a low-density layer on top
XRR is a nondestructive technique that can be used fof the silicon film.
the estimation of thickness, density, and roughness of single-
layered and multilayered thin film structures. More details
for the technique are provided elsewh&é'~*3The mea-
sured XRR curves for the as-deposited and annealed samplg's X-ray photoelectron spectroscopy
are shown in Fig. 3. The step size for the measured and The measured and fitted S)2XPS spectra for the as-
simulated curves was 0.003° in theta. As seen in the figurejeposited and annealed films after sputtering for 3 min are
with increased annealing temperature, the observed Kf8ssigshown in Fig. 4a). Intensity on theY axis is plotted in log
fringes decayed in intensity at lower angles. This indicatescale for the sake of presentation only. The Bigzaks were
that the films annealed at 873 and 1073 K had larger surfacdeconvoluted usingkPSPEAK Version 4.1 software using a
roughness as compared to the as-deposited and 673 K a@aussian—Lorentzian peak profile function and a Shirley
nealed film. The simulated XRR results are tabulated irbackground® In the Si2p spectra of the film annealed at
Table I. As seen in the table, the film annealed at 673 K ha®73 K, the peaks at-99 eV and~103.5 originated from Si
higher density than the as-deposite®i:H film. However, and SiQ, respectively. As seen in the figure, an increased
annealing the film at 873 K did not cause any further densiannealing temperature of 1073 K led to increased formation
of SiO, in the annealed film. The SiRline for elemental
silicon is actually a doublet with the components §ig2
(Si®) and Si 2, (SIY) separated in energy by 0.6 eV and an
area ratio Asjzp, ,/Asizp,,) Of 0.5***°All curves were fit-
ted using the above constraints for the elemental silicon. Af-
ter sputtering the film for 3 min, very little adventitious car-
bon was left on the surface that did not provide very good
signal to the noise ratio for the Gleak. Although the C4
peak at 284.3 eV was used to carry out a rough correction for
the surface charging effect, fixing the binding energy of
Si2p3;, to 99.5 eV provided a more accurate correction and
the peak positions of all other states were shifted by the same
amount. The Sif spectra can be interpreted in terms of the
chemical states for Si in Si0 S, Sit*, SP*, SP*, or
Si**. The binding energy for elemental silicon state-i89.5
eV while that of fully oxidized SiQ (Si**) is ~103.5 e\?*
The energy shift per Si—O bond is usually constant. Rochet
et al** had found the $i —Si energy shift to be 3.95-4.75
eV depending upon the technique used to modifya®iO,
thin film. The peak positions and their assigned states for our

B. X-ray reflectivity

(b)

(b)

(@)

Reflected Intensity (arb.u)

0 0.5 1 15
Theta (Degree)
Fic. 3. Measured x-ray reflectivity curve for théa) as-deposited-Si:H

film and annealed atb) 673 K, (c) 873 K, and(d) 1073 K. Curves are
separated along the axis for the sake of presentation only.
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Fic. 4. (a) Measured and fitted Si® spectra for the as-deposited and an-
nealeda-Si:H. (O) represents the measured data poifs) represents fit-
ted curve,(- - - -) represents individual peaks, afd — —) represents
background. Curves have been plotted onYhexis for the sake of presen-
tation only. (b) Integrated peak area intensities under X®) and Si %
(A) peaks as a function of sputtering time fSi:H film annealed at 873
and 1073 K.

samples are tabulated in Table II. Thé'Si SP energy shifts
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TaBLE Il. Detailed peak profile analysis of Sp2peak fora-Si:H films after
3 min of sputtering.

Annealing

temperature Peak position Area Chemical state

As deposited 99.5 66.7 Sp2),
100.1 333 SiPip

673 K 99.5 66.7 Si Pap
100.1 333 Si Py

873 K 99.5 21.0 SiBap
100.1 105 SiPip
103.1 45.8 Sit
103.8 22.7 Sit

1073 K 99.5 3.2 Si Papy
100.1 1.6 Sidyp
104.1 27.2 Sit
104.2 68.0 St

indicates an increased oxidation of the film annealed at 1073
K and the presence of an oxygen gradient in the underlying
buried layer. Detailed analysis of the S Zpectra, for the
chemical state identification of Si, was carried out after dif-
ferent sputtering intervals for films annealed at 873 and 1073
K. The results have been tabulated in Tables Il and IV for
films annealed at 873 K and 1073 K, respectively. As seen in
Tables Ill and 1V, while the film annealed at 873 K did not
have any oxide component left after being sputtered for 8
min, the film annealed at 1073 K still had some component
of silicon oxide left after sputtering for 19 min. Also, the

TasLE lll. Detailed depth profile analysis of Sp2peak fora-Si:H annealed
at 873 K.

were found to be 4.3 and 4.7 eV for the samples annealed at

873 and 1073 K, respectively.

Figure 4b) shows the integrated peak area intensities un-

der O 1s, and SiJ peaks as a function of sputtering time.

The first 1-2 min of sputtering led to the removal of adven-
titious carbon and oxygen, leading to the fluctuations in the

integrated intensities of Siand O Is peaks. Hence these

points have been ignored for the analysis. As seen in Fig.

4(b) the intensity of O % peak for film annealed at 873 K

decreased to negligible values after sputtering the film for 7

min. This indicates the presence of aril nm thick SiQ

epilayer on top of the amorphous silicon film. However, for

the film annealed at 1073 K, the intensity of © peaks

remained constant for about 10 min of sputtering and then
gradually decreased over 9 min of additional sputtering. This

JVST B - Microelectronics and  Nanometer Structures

Sputtering Chemical
time (min) Peak position Area state

3 99.5 21.0 Si g
100.1 10.5 SiPip
103.1 45.9 Sit
103.8 22.6 Sit

4 99.5 23.2 S@ P
100.1 11.6 SiPip
101.6 29.6 Sit
103.6 35.6 sit

5 99.5 34.4 Si Pap
100.1 17.2 SiPp
101.0 20.8 Sit
103.3 27.6 Sit

6 99.5 46.2 Si g
100.1 23.1 SiPip
101.1 17.6 Sit
103.3 13.1 Sit

7 99.5 49.4 s? Dap
100.1 24.7 SiPip
100.8 18.7 Sit
103.1 07.2 Sit

8 99.5 66.7 Si g
100.1 33.3 SiPip




724 Kohli et al.: Fabrication and characterization of silicon nanocrystals 724

TaBLE V. Detailed depth profile analysis of Sp2peak fora-Si:H annealed 0.1
at 1073 K. 1073K
Sputtering Chemical
time (min) Peak position Area state s
X
3 99.5 3.2 SiPap Rt o N
100.1 1.6 SiDyp 0
104.1 27.2 sit
) 0.1
104.2 68.0 st 873K
8 99.5 25 Si Pgp
100.1 1.3 SiDup
103 8.6 Sit _ X5
104.3 87.6 sit 2 ’ N —e |
) T
10 99.5 05.8 Si Pap < °
100.1 02.9 Si P 5 041
101.6 06.2 St S 673K
104.2 85.1 gt =
12 99.5 17.8 Si Py 5
100.1 08.9 Si Py — "
101.8 13.2 St
104.2 60.1 st 0
0.1
14 99.5 31.8 Si B3 As Deposited
100.1 15.9 Si Py
101.5 15.4 it
104.3 36.9 S N
16 99.5 43.8 SiBap,
100.1 21.9 Si P 0 ‘ ;
; 500 1000 1500
101.5 11.9 § Wavenumberzo(%om ¥ 2500 3000
104.3 224 gt
- Fic. 5. FTIR absorbance spectra for the as-deposited and anree&ed
18 99.5 52.0 Si . ) ; h
100.1 26.0 Si 23/2 films. The intensity data for points greater than 1900 timave been mul-
. . 12 - . ) :
1016 08.7 e gmﬁd by a factor of 5 to elucidate the Si—H bands in the range 2000—2200
104.4 13.1 gt ’
19 99.5 56.0 Si P3,
igg-; g?-g Sgyz vibration increased with annealing temperature. Peak analy-
104.5 08.8 et sis of the 1075 cm' band concluded that it was comprised

of two peaks centered at 1075 and 1060 ¢nit has been
reported that the frequency of the Si-gp(vibration varies
monotonically from 940 cm'® in oxygen-doped amorphous
ratios of silicon oxide to silicon[A(Sit" +Si*+SiE*  silicon (a-Si0;x=0) to 1075 cm' in stoichiometric
+Si)/A(Si 2p3+ Si2py5) ] as well as the stiochiometric  a-SiO, (a-Si0, ;x=2).%*° Using this relation we concluded
to nonstiochiometric silicon oxidgA(Si**)/A(Si** +SP*  that the peak at 1060 cm corresponds tax=1.75 for
+Si*")] decreased below the top solid surface of the oxi-a-SiOy. Consequently, the films annealed at 873 and 1073 K
dized films. were likely composed of stoichiometric and nonstoichiomet-
ric a-Si0,. The band near 600 cm was attributed to a
silicon oxide layer on the substrat®i—O terminal groupé’
and has not been used in the analysis.

The FTIR absorbance spectra for the as-deposited and an-
nealed films are shown in Fig. 5. Figuréabshows the IR ) )
spectrum for the as-depositedSi:H film. The integrated F- OPtical absorption spectroscopy
intensity of the 880 cm'! band decreased with increased an- Figure 6 shows the absorbance spectra in the wavelength
nealing temperature. Si—H and SiHands, around 2000 and range 330—1000 nm for as-deposited and annealed films. The
2100 cm ', respectively, were also observed in as-deposite@ptical band gaps for the films were calculated using Tauc'’s
film [Fig. 5&].% As a consequence of annealing at 673 K, theplot*® defined by the relation in Eq1):
integrated intensity of Si—H bands decreased by a factor of 3.
As seen in Figs. ) and 5d), the Si—H and Siki bands (@) "*=B(hv—Eg), @
were absent in the films annealed at 873 and 1073 K and wherev is the photon frequency in ¢, Bis a constantz
peak corresponding to Si—€)( appeared in the vicinity of is the Tauc’s gap, and is the optical absorption coefficient.
1075 cm L. The integrated peak intensity of the Si-p( The variation of band gap with annealing is shown in the

D. Infrared spectroscopy
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35 1073K
34 8000 -
°31 I 4000 M /\‘
2] 3%
15 0 M M‘\ “r i JW

300 500 700 900 1100
Annealing Temperature (K)

Tauc's Gap (eV)
n
(%]

873K

Absorbance (arb.u.)

300 500 700 900 1100
Wavelength (nm)

PL Intensity (arb.u.)

Fic. 6. Optical absorbance spectra for the as-deposited and an@eglddl
films: (a) as-depositedib) 673 K, (c) 873 K, and(d) 1073 K. Curves have
been separated along theaxis for the sake of presentation. Inset shows the
variation of Tauc’s band gap energy as a function of annealing temperature. 3000
300 K has been used for the as-deposited film. As Deposited
2000

1000 -
inset of Fig. 6. As seen in the curve, the band gap remainec

constant with the increased annealing temperature until 872 0- ‘
K. However, with further annealing to 1073 K, the band gap s 1e drs e 2 2 22
increased rapidly. We attributed this to the formation of Energy (eV)
WIde'gapa'SlOZ—.X '_The optical gap oa-Si:H is around 1_'7 Fic. 7. Room temperature PL spectra for the as-depositSiH film and
eV and that of SiQis about 10 eV**°Hence any suboxide fims annealed at 873 and 1073 K. The excitation wavelength was 480 nm
of silicon will have an optical gap within the range of 1.7—10 and emission spectra were collected in “front-face” mode.
eV, depending upon the composition of the affbgingh and
Davis'! had found the Tauc’s gap fa-SiOy:Hy to vary
from 1.88 to 2.46 eV ag was changed from 0.7 to 1.5 for Al of the annealed films showed very different spectra, in
the a-SiO, sample [H/Ar]%=0) and 2.0-2.9 eV for 0.7 Which the 2.05 eV band was completely absent. While the
<x<1.5 with 10<[H/Ar]%=<33. Hamedet al>? had also Sample annealed at 673 K did not show any discernable PL
found a band gap of 3.3 eV fa-SiOy:H for N,O/SiH,  bands(other than a spike in countsPL bands appeared at
=3. No distinct features for crystalline silicon were seen inl1.6, 1.7, 1.9, 2.0, and 2.1 eV for the films annealed at 873
the absorbance spectra for the film annealed at 1073 K. Fand 1073 K. The peak at 1.7 eV was attributed to the
nally, the volume fraction of silicon nanocrystallites seems tdocalized-to-localized state transitions in amorphous silicon
be large enough to appear in the XRD pattern, but lowand silicon based alloys, while the peaks at 2.9 and 2.1 eV
enough to be masked bg-SiO,_, and/ora-SiOy:H ab-  Were attributed to molecular-liker defect-likg transmons? .
sorption features. This assumption was in line with GAXRD, We had not observed the peak at 2.9 eV due to the excitation
XPS, and FTIR results for these samples. source(480 nm used in the current studies. The peak at 1.9
eV was possibly due to the nonbridging oxygen-hole center
(=Si—0).% The 873 and 1073 K films showed much
F. Photoluminescence studies higher levels of PL than for the as-deposited film. Finally,
from 873 to 1073 K, the relative intensities of the peaks

Figure 7 shows the room temperature PL spectra for th@emained the same, but the overall intensity of the bands
as-deposited and anneale®i:H films. As seenin Fig. 7, the  goupled in intensity.

PL peak at 2.05 eV and a relatively weak/diffuse PL peak at
2.15 eV were observed for the as-deposited film. The stron%/ DISCUSSION

peak at 2.05 eV was due to theSi:H, while the weak peak '

at 2.15 eV could be due to the surface-oxidized hydrogenated The GAXRD measurements on hydrogenated amorphous
amorphous silicon. Room temperature PL in the range 600silicon films annealed at 1073 K showed the presence of 9
1000 nm fora-Si:H films, with band gap in the interval =1 nm silicon nanocrystallites, dispersed in an amorphous
2.03-2.14 eV, had been attributed to the presence of SiHmatrix. Differences in the coefficient of linear thermal ex-
and SiH, groups® In our samples, we observed the Si—H IR pansion for bulk silicon (2.8 10 ¢ K~1) and silicon—oxide
band at 2085 crmt. Based on the work by Furukawa and (0.6x10 8 K™1) caused the strain to occur in the silicon
Matsumoto>® we concluded than=1 for —(SiH,),—(n nanocrystals. However, no data are available for the variation
<11) units in our samples. of coefficient of thermal expansion for silicon nanocrystals
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with a larger surface to volume ratio as compared to the bulkim generated stoichiometric and nonstoichiome#rigiO, .
materials. The strain in the nanocrystals followed the exincreasing the annealing temperature led to an increase in
pected inverse relation with the crystallite size, i.e., rapidlyarea of the peaks around 1075 thThe integrated intensity
decreasing with increased crystallite size>’ of the peak for stoichiometria-SiO, increased by a factor
The density of the as-depositestSi:H film estimated of 2.4 and the integrated intensity of peak for nonstiochio-
from the XRR measurements was lower than the crystallingnetric a-Sio, increased by a factor of 4.7 as temperature
silicon. This was due to its amorphous nature and the presncreased. Also, with the increased annealing temperature,
ence of hydrogen in the film. As evident from the decay ofthe ratio of integrated intensity fa-SiO,_, :H to a-SiO,:H
the Kiessig® fringes at lower angles in the XRR data, the increased from 1.8 to 3.5. This behavior could be attributed
films annealed at higher temperature exhibited higher rougho the limited volume of the air in which the sample was
ness. The contributions from silicon and its oxide interfaceseated, suggesting that mass transport limited the reaction
to the reflected intensity were weak due to the small contragigte.
between the density of silicon and its oxide. Hence, the sepa- The PL data showed that the annealing processes, to
ration of the contributions from silicon and its oxide in the which these films were subjected, resulted in crystallite for-
XRR curves was not only difficult to decouple but also sub-mation at temperatures as low as 873 K. As heating occurred,
ject to large uncertainties and error in the simulated resultsthe hydrogen within the-Si:H evolved, leaving behind a
XPS results were indicative of increased oxidation of thehigh density of dangling bonds that acted as nonradiative
surface as the annealing temperature was increased from 8Y&ombination centers and quenched the PL signal. This was
to 1073 K. Depth profile analysis of the film annealed at 873supported by the loss of the 2.05 eV band during heating. At
K indicated the presence of about arll nm epilayer of the same time, they acted as sites for the initiation of the
silicon oxide comprising stiochiometric and nonstiochiomet-evolution of small crystallites. Simultaneously, oxidation of
ric Si0,. Oxygen content decreased rapidly below the surthe film occurred. The oxidation may have led to an initial
face of the oxide layer. However the film annealed at 1073lloy of dehydrogenated amorphous silicon, silicon nanoc-
K, comprised approximately the top half-layer of oxide with rystals, and silicon oxide. The formation of the band at 1.7
constant oxygen concentration while the other half-layer okv could be caused by the remaining dehydrogenated amor-
the oxide had an oxygen gradient decreasing toward the silbhous silicon regions that were allowed to PL since they
con interface. Detailed analysis of SiZpectra after 3 min  were electrically isolated from adjacent regions, thus local-
of sputtering indicated that the oxide surface of the film an-zing carriers. As annealing progressed, oxidized fraction of
nealed at 1073 K was completely oxidized or stiochiometricthe film increased, leading to the evolution of the strong 1.9
The absence of a nonstiochiometric component of silicoreV pand.
oxide in the detailed analysis was due to the surface sensitive We attributed the peak at 1.6 eV in the PL spectra of the
nature of XPS. The inelastic mean free pdMFP) had been  a-Si:H film annealed at 873 K to the growth of quantum
defined as the average of the distances, measured along t#énfined silicon nanocrystals in tkee SiO, :H matrix. Lack
trajectories, that particles with a given energy travel betweeiyf silicon features in the XRD pattern for this film could be
inelastic collisions in a substande>® The estimated values due to the low volume fraction of silicon nanocrystals in the
of IMFP for Si and SiQ, at energies corresponding to sample, which do not effectively contribute to the diffracted
Al Ka x rays were~3.2 and 4.0 nm, respectively. intensity. However, with increased annealing temperature
For the films annealed at 873 and 1073 K, detailed analy¢1073 K) increased oxidation of the film occurred. This not
sis of the Sid spectra after different sputtering intervals only led to the formation of a more nonstoichiometric
clearly indicated that the film surface toward the silicon in-a-Sj0O,_, :H in the film, but also led to the increased growth
terface had a lower oxidation state as compared to the togf silicon nanocrystals. With increased annealing, the PL
surface of the film. Finally, the XRD measurements did notpeak at 1.6 eV did not shift. This indicated that the crystallite
indicate the presence of crystalline SiQeaks, hence the size of the silicon nanocrystals remained constant with an-
oxidation of amorphous silicon under the present conditionsiealing, although their volume fraction increased with an-
led to the formation of amorphous silicon—oxide. nealing.
As seen in the IR results, annealing the film in air at 673 Chenet al®® modeled the contribution of quantum con-
K led to the loss of Si—H and SiHunits, leading to hydro- finement to luminescence from silicon nanoclusters. Trwoga
gen gas evolution. However, the loss of these units and hyet al®! extended this model taking into consideration the os-
drogen was not completed at 673 K, as Si—H peaks were stittillator strength as a function of an increasing crystal diam-
observed. Increasing the annealing temperature to 873 K legter. Quantum confinement effects are only significant for
to the complete loss of Si—H and Sikhccompanied by H  systems in which the Bohr radius of the exciton is on the
and possibly HO evolution from the film. No peaks corre- order of or larger than the size of the confined system. For
sponding to Si—H and SiHwere observed within the detec- silicon, the bulk exciton Bohr diameter é3) is =10 nm. In
tion limit of the instrument for the sample annealed at 873 K.a semiconductor, quantum confinement leads to an increase
The annealing at 873 K also led to limited oxidation of thein the band gap energy and an associated increased probabil-
film as supported by the presence of two new peaks in théty of radiative transfe?! Based on the model for the lumi-
vicinity of 1075 cmi %, suggesting that the oxidation of the nescence spectrum of silicon nanocrystals by Géteal. and
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12000 uted to the columnar growth of the silicon nanocrystals. It
seems that the low temperature PECVD process facilitated
the growth of columnar morphology for the as-deposited
films. It had been shown by Tanale al®? that if the sub-
strate temperature was low<573 K), then the diffusion co-
efficientD g was reduced im-Si:H and microvoid€10-100
A) were readily formed. Also, if films were grown with
SiH,, which has a larger sticking coefficient, hence a smaller
Dg, voids and columnar structures were formedau®i:H,
irrespective of the substrate temperattfr€®As the film was
heated to higher temperature, hydrogen evolution from the
film led to the formation of dangling bonds. The dangling
‘ ‘ L bonds of Si were exposed at the surface to adsorbed and
1.53 1.55 1.57 1.59 1.61 environmental oxygen present, thus causing oxidation along
Energy (eV) the voids and vacancies caused by hydrogen evolution. With
Fic. 8. Calculated— — —) and experimental—) PL spectra for the sili- 'ncrefas'”g temperature, there was an Increase.d. oxygen dn_‘fu-
con nanocrystals on the basis of model proposed by @heai. and ex-  SION into the film toward the substrate. In addition, the oxi-
tended by Trwogat al. The diameter of silicon nanocrystal was estimated dation and oxygen diffusion appeared directional, as the oxy-
to be 5.13 nm with a standard deviation of 1.2%. gen only came from the top plane of the sample, leading to
the columnar growth of the silicon nanocrystals.

8000 -

4000 A

Intensity (arb. u.)

extended by Trwogat al., assuming the radiative recombi- V. CONCLUSIONS
nation of confined excitons to be the major contributor to the

luminescence spectra, the spectr@ME) can be repre- Visible room temperature PL had been observed in the
sented as wide-gap hydrogenated amorphous silicon. The origin of this
PL could be attributed to the presence of oligosilane and

S(AB)=P(AB)XT(AE). (2 electron—hole recombination in tail states of hydrogenated

Here P(AE) is the line shape of the luminescence spectrumfmorphous silicon. Absence of discernable features in the
due to the quantum confinement of the silicon nanocrystalgioom temperature PL spectra of the sample annealed at 673
taking into account the increase in electron—hole pairs witiK could be attributed to the loss of hydrogen and creation of

increasing size, and is defined®s dangling bonds that acted as nonradiative defect centers.
K 1/dy\2(AE,\Y2 12 With an mcreased anneallng temperature of 873 K, PL peaks
p(A):_SeXp[__(_) (_) _1} ] 3) corresponding toa-SiO,_,:H, nonbridging oxygen hole
AE 2\o AE centers £Si—0) and silicon nanocrystals appeared. How-
Also ever, the XRD pattern did not show the presence of crystal-
line silicon nanocrystals. This could be attributed to the low
AE=ho—(E4—Ey), (4)  volume fraction of silicon nanocrystals, which did not effec-
where E4 is the bulk silicon band gapE, is the exciton tively contribute to the diffracted x-ray intensity. As the
binding energy, and samples were heated to 1073 K, weak PL peaks became
o more pronounced. Although the XRD pattern showed the
ABp=c/d®, (5) presence of silicon nanocrystals with an average crystallite

wherec is the proportionality constarit323 eV £)%°dthe  size of 91 nm, the PL peak did not shift in energy. This
crystal diameterd, the mean cluster diameterthe standard indicated that annealing at 1073 K led to the isolated growth
deviation, andK the normalization constant. The expressionof silicon nanocrystals, thus causing the increased volume
f(AE) describes the oscillator strength as a function of clusfraction of the silicon nanocrystals without the increase in
ter diameter and is expressed as the crystallite size of the nanocrystals. The luminescence
B 295 spectrum for silicon nanocrystals at 1073 K was modeled
f(AE)=0.1aE"% ©) and the value of the silicon crystal size was estimated to be
We modeled the PL peak between 1.5 and 1.7 eV for the-5 nm. The discrepancy in the estimated crystal size on the
silicon nanocrystal on the basis of E@) with the results basis of PL and XRD analysis was attributed to the columnar
shown in Fig. 8. Data for this modeling were acquired forgrowth of silicon nanocrystals, since the function for the os-
longer duration for improved signal to noise ratio. Based orcillator strengthf (AE) applied to the smallest dimension of
the above-mentioned modeling, the estimated value of silithe irregular crystal. The low temperature PECVD process
con nanocrystal diameterwas found to be 5.13 nm with a facilitates the growth of columnar morphology for the as-
standard deviation of 1.2%. However, the crystallite size esdeposited films. This allowed for preferred oxidation along
timated using XRD was €1 nm. Since the functiof(AE) the void and vacancies caused by hydrogen evolution from
in Eq. (6) applies to the smallest dimension of an irregularthe sample. In addition, the oxidation was directional, as the
crystallite®! this discrepancy in crystallite size can be attrib- oxygen only came from the top plane of the sample, leading
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to the columnar growth of the silicon nanocrystals. It should

also be noted that the PL signal from our samples was weal
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tures in the literature, some of which are cited herg.?%64
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Data, Newton Square, PA.
B. E. Warren, Prog. Met. Phy8, 147 (1959.

ters quench the PL signal. Annealing the films in forming gas3awiN-CRYSIZE Version 3.0, Crystallite Size and Microstrain, Sigma-C,
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