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Effect of the nanoparticles on the structure and crystallization
of amorphous silicon thin films produced by rf glow discharge

E. Bertran, S.N. Sharma, and G. Viera
Departament de Fisica Aplicada i Optica, Universitat de Barcelona, Av. Diagonal 647, E 08028
Barcelona, Spain

J. Costa
Departament d’Enginyeria Industrial, Universitat de Girona, Av. Lluis San@&iN,
E 17071 Girona, Spain

P. St'ahel and P. Roca i Cabarrocas
Laboratoire de Physique des Interfaces et des Couches Minces (CNRS, UPR 258), Ecole Polytechnique,
F-91128 Palaiseau Cedex, France

(Received 12 August 1997; accepted 20 November 1997)

Thin films of nanostructured silicon (ns-Si: H) were deposited by plasma-enhanced
chemical vapor deposition in the presence of silicon nanoparticles at 80bstrate
temperature using a silane and hydrogen gas mixture under continuous wave (cw) plasma
conditions. The nanostructure of the films has been demonstrated by diverse ways:
transmission electron microscopy, Raman spectroscopy, and x-ray diffraction, which have
shown the presence of ordered silicon clusters (1-2 nm) embedded in an amorphous
silicon matrix. Because of the presence of these ordered domains, the films crystallize
faster than standard hydrogenated amorphous silicon samples, as evidenced by electrical
measurements during the thermal annealing.

. INTRODUCTION ellipsometric measurements of the films revealed an
Plasma technology is used to produce thin films forincrease in their density.
microelectronics, and increasing interest has emerged This paper deals with a preliminary study of the
in determining and controlling the effects of particles main structural properties of the nanostructured silicon
during the plasma processes. Since the work of Speathin films (ns-Si:H) produced by setting the plasma
et al! on particles in rf discharge of silane, particles parameters close to the powder formatioin these
ranging from 10 nm to several tens of nm have beertonditions, nanometric particlés< 2 nm) are produced,
reported in different processes: etchingputtering and  they are not all confined within the plasma by the
plasma enhanced chemical vapor deposition (PECVD).plasma-sheath (because of the charge fluctuation), and
The microelectronics industry is concerned that the genthey can be incorporated to the growing filrff.In these
eral trend of reduction of the device dimensions may bdilms, silicon ordered domains (consisting of 3 to 5 Si
limited by the particle contamination from the plasmacrystalline planes) were found to be embedded in the
process itself. Nowadays, the undesirable role of the pammorphous matrix.
ticles during the plasma processing has been questioned In earlier works concerning the crystallization af
because the new properties found in silicon powtfers Si:H thin films, the results concentrated on the furnace
and in the silicon film§é grown in the presence of annealing at 550—95@C for several hours or rapid
particles can be used in possible future applications aghermal annealing (RTA) at 70T for several minute$:
nanostructured materiats® In the present study, our ns-Si:H thin films have sim-
In earlier studies on hydrogenated amorphous siliilar crystallization temperatures (around 590), but
con @-Si:H) thin films produced by PECVD, the powder it could be attained faster than conventiorabi: H
formation was correlated to a deterioration of the filmfilms, as shown by electric current monitoring during
quality due to the production of pinholes, roughnessthe annealing. This may be related to the presence of
and porosity? Later, however, a study on the increasenanosized silicon ordered domains acting as nuclei for
in the deposition rate and the decrease in the substrateystallization. The results suggest that the initial crystal
temperature of silicon thin film& concluded that the growth from the seeds of the Si film (here, the ordered
film properties were improved, in spite of the pres-domains) upon annealing is easier and faster than the
ence of powder during the plasma process. In particulagrain growth without such seeds, as in the case of
conditions of low deposition rat€<0.2 nm/s) using conventionala-Si:H films. These properties can open
modulated rf power in the presence of powder, thenew ways to the application of this material.
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[I. EXPERIMENTAL DETAILS 1.0 T I e e

Thin films of ns-Si:H were deposited on 7059 L
Corning glass in a capacitively coupled radio-frequency
(13.56 MHz) PECVD reactor. The reaction chamber;? 0.8r
consists of a cylindrical box between two parallel &
stainless-steel electrodes of 15 cm diameter, 2.8 cng
apart. This plasma box enabled a laminar flow to be & 0.6
piped through the plasma, from the edge of the bottorr 3
electrode (cathode), and flow out through the edges of thro
sample plated on the grounded electrode. The optimizaftj) 0.4
tion of the plasma parameters to grow silicon films in the
presence of nanoparticles, out of the powder formation
was carried out by means of light-scattering and trans-z (y » | o

T
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T T
-2

mission electron microscopy (TEM) measureménts.
Nanostructured silicon films (ns-Si:H) were obtained Standard a-Si-H &
under a wide range of conditions. Here, we focus on the 0. OB At ot = 4 = = b pop A0 AN .
characterization of ns-S:H films produced with the fol- 0 40 20 120 160 200
lowing discharge _condltlons: 10 substrate tempera- Time (min.)

ture, 8 sccm of Sil 100 sccm of H, total pressure of

6 Pa, and rf power density of 11 man in continuous FIG. 1. Time evolution of the normalized electric current of the
wave (cw) plasma. The ns-Si: H thin film and a standard's-Si:H and standard a-Si:H films during an isothermal annealing
a-Si: H sample were coated with two bands of Cr which® 90°¢-

were 2 mm apart, and they were introduced at room _ _ o
temperature in a furnace at a pressurel®f* Pa. The HRTEM of the as-deposited ns-Si: H thin film cor-
samples were heated to 5890 in 30 min. The current roborates the presence of small ordered domains, some
through the sample under the applied voltage of 10 \of which are marked by arrows, as shown in the left
was then measured as a function of time. High resolutiofinicrograph of Fig. 2, and they are found to be embedded
transmission electron microscopic (HRTEM) images andn an amorphous silicon matrix. Here, the order is limited
electron diffraction patterns were obtained with a Philipsto four or five planes of Siatoms, with an average
CM30 microscope operating at 300 kV. Micro-Ramancrystallite size of around 1.5 nm. Direct measurement
backscattering measurements were performed with thigveals that the spacing of the atomic planes is 0.37 nm.
514 nm line of an Ar laser. For the as-deposited nsThe corresponding electron diffraction pattern, as shown
Si:H thin film, the Raman spectrum was obtainedin the insetin the micrograph, shows diffused but distinct

at low power density (1 mWum?) and with short
exposure time in order to avoid thermal or crystallization
effects. The x-ray diffractometry (XRD) was carried
out in the grazing incidence diffraction mode = 1°)
using a Philips MRD diffractometer, with the CyK
(A = 1.5418 A) radiation at 35 kV and 40 mA. In order
to calculate the crystallite sizes of the samples from theg
XRD patterns, the x-ray peaks were decomposed int
two Lorentzian/Gaussian peaks, one corresponding t
amorphous Si and the other to crystalline Si.

[ll. RESULTS AND DISCUSSION

Figure 1 shows the time evolution of the normalized
electric current of a ns-Si:H film and a standaad
Si:H film during an isothermal annealing at 590.
The figure shows that the crystallization of the films, §
monitored by the increase in conductivity, is much
faster in ns-Si: H than ia-Si: H. This behavior is quite

ble t t si leati h | dv b on the left) and after annealing at 590 (on the right). The insets
reasonable to expect since nucleation has already begfl,,, micrographs denote their corresponding electron diffraction

initiated in the as-deposited films owing to the presenc@atems, respectively. The arrows indicate some of the nanometric
of nanoparticles. ordered domains inside the amorphous silicon matrix.
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rings, thus indicating that the structure of the film isbackground represents an amorphous matrix while the
composed of both an amorphous phase and a crystallir@ystalline signatures are evident from (111), (220), and
one. After annealing at 59, emergence of a large (311) x-ray diffraction peaks, in total agreement with the
number of atomic planes of Si, with interplanar distanceTEM observations. Here, the crystallite size was found
around 0.31 nm corresponding to (111) planes of Sto be 15.4 nm. Similar x-ray diffraction patterns are
diamond-like structure, is observed from the HRTEMgenerally shown by conventional undoped-Si films .’
micrograph on the right of Fig. 2. Here (bottom right), The Raman spectrum for the as-deposited ns-Si: H
amorphous matrix was also seen, which points to @ample is shown in Fig. 4. The inset in Fig. 4 shows the
process of heterogeneous crystallization that starts witRaman spectrum for the annealed sample. It is evident
the growth of the nanosized silicon clusters. The enthat the Raman spectrum for the as-deposited ns-Si:H
hanced crystallinity is also evident from its electronsample shows the characteristics features of amorphous
diffraction pattern, which contains dotted rings superim-silicon (i.e., LO mode a#40 cm ! and a TO mode
posed on bright, continuous sharp rings, correspondingt 480 cm™!) and crystalline silicon (with TO mode at
to (111), (220), and (311) planar spacing in Si diamond518 cm™!), respectively. In view of the TEM and XRD
like structure, thus indicating the random orientation ofresults, the origin of these amorphous and crystalline
the crystals under the electron beam. peaks may be attributed to two different structural phases
Figures 3(a) and 3(b) show the x-ray diffractionin the as-deposited films. Upon annealing of the as-
patterns of a nanostructured silicon sample before andeposited ns-Si:H at 59TC, a typical characteristic
after annealing, respectively. From Fig. 3(a), nanocryserystalline mode at18 cm™! with FWHM of 7 cm™!
talline features can be identified with the appearance af obtained (inset in Fig. 4). Here, the laser beam was
a distinct broad band corresponding to (111) peak anébcused on the crystallized portion during the Raman
from a slight hump corresponding to a combination ofmeasurements.
(220) and (311) peaks. Similar x-ray patterns were also  All these features suggest that the ns-Si: H thin film
obtained by Veprelet al* and Heet al'® with crystal-  consists of two phases: ordered domains of 1-2 nm and
lite size between 1 and 5 nm. The average crystallite size
can be calculated from the full-width at half-maximum

(FWHM) and the peak position of the (111) x-ray mode ' ' ' ' ' ' '
using Scherrer’s formul®. We obtained approximately | '
1.1 nm, which is compatible with the TEM results. For =
the sample after annealing at 590 [Fig. 3(b)], the i
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FIG. 4. Raman backscattering spectra of as-deposited ns-Si: H film.
FIG. 3. X-ray diffraction spectra: (a) as-deposited ns-Si:H film and The inset in the figure corresponds to the Raman spectra for ns-Si: H
(b) after annealing at 59¢C. film after annealing at 596C.
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an amorphous matrix. The origin of these domains mayhe Raman measurements, all at the Serveis Gigot’
be related to the particular deposition plasma conditiongécnics of the University of Barcelona. One of the

that favor the formation of small silicon particl&Be-

authors (S.N.S.) thanks the Generalitat de Catalunya

cause of their size, these particles of 1-2 nm may rathewithin the PIR programme for his fellowship.

be understood as hydrogenated Si clusters, of different
crystalline structure to the Si diamond-like structtite.

This may explain the large distance (0.37 nm) betweefREFERENCES

planes determined experimentally in the ordered regions;
as compared to (111) planes of Si of the diamond
structure which are about 0.31 nm. These Si clusters may.
have acted as seeds for the rapid crystallization which
was dominated by a heterogeneous nucleation processz,-
in contrast to the standard a-Si: H thin films.

V. CONCLUSION

In summary, nanostructured silicon thin films were
deposited by PECVD under cw plasma conditions at 7
lower substrate temperature (100) and rf power den-
sity of 11 mW/cn? using silane diluted in hydrogen. 8.
The presence of ordered domains (1-2 nm) in the as-
deposited silicon film, indicated by TEM, XRD, and
Raman, facilitates the crystallization process induced byg.
thermal annealing, because the small crystalline domains.
act as seeds for the crystallization. 11
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