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Abstract — We have studied structural, electrical and photolunmescence properties of hydrogenated
nanocrystalline silicon films with different crystalline volume fractions (from 0 — pristine amorphoussilicon —
to 55 %). The photoluminescence spectra of the films exhibiistinct features related to recombination in
amorphous silicon (peak energy of about 1.35 eV) drin silicon nanocrystals (peak near 1.52 eV). Whethe
crystalline volume fraction reached 55%, photolumirescence disappeared. Photoluminescence spectroscopy
was proposed as a nondestructive method for determing of a small volume fraction of Si nanocrystals
embedded in amorphous silicon.

Index Terms— Si nanocrystals, amorphous hydrogenated silicophotoluminescence, percolation

I. INTRODUCTION structure of the films was studied by the analysdighe

Hydrogenated nanocrystalline silicon (nc-Si:H), e¥hi Raman scattering _spectra measured by the micro-Rama
consists of amorphous matrix with embedded silicoSPectrometer Horiba Jobin Ivon HR800 under the

nanocrystals (nc-Si), is widely used in electronisd excitation of 488 nm line of Ar-ion laser. Aluminum
optoelectronics, in particular, in the productiorf ocoplanar electrodes were deposited on the surfadbeo

photovoltaic cells [1] and thin film transistors] [Aic-Si:H  films with the 0.5 mm gap. Conductivity measurersent
films with a small (10 - 15 %) volume fraction of S Wege carried out in a vacuum WI'Fh residual air pues of
nanocrystals are of particular interest. Prospedtshis 10~ Pa after annealing of the films at a temperature o
material are determined by the high photosensitiyipical ~180°C for 15 minutes. The PL spectra were recotcoyg
for amorphous hydrogenated silicon (a-Si:H) and eow & MS-3504i (SOLAR TII) spectrograph and a CCD camer
photo-induced  degradation of electrical paramete(Hamamatsu) under excitation of 364 nm line of a

compared to a-Si:H films [3, 4]. Photoluminesceiiee) continuous Ar-ion Iase_r. During the PL experimettie
properties of hydrogenated silicon films with skt samples were placed into the vacuum cell of a DEN20O

nanocrystals are considerably less studied tharr thclosed-cycle helium cryostat (Advanced Researchesys)
structural, electrical and photoelectric charastis. @nd cooled down to the temperature of 17 K.

Among available literature data two PL peaks apgear

nc-Si:H. The first peak, located near 1.3 eV, iateg to 1. RESULTSAND DISCUSSION

tail-states transitions in a-Si:H. The second dpeated The volume fraction of the crystalline phasén mixed
near 0.9 eV, is attributed to recombination betwesmiers phase hydrogenated Si films was determined by the
trapped at defect states at the nanocrystallinein greanalysis of Raman spectra, which are shown in EicAs
boundary. However, significant deviations were rggadb one can see, for samples RO, R5 and R8 a broadipeak
for these peaks. Thus, the focus of present worthés observed near 480 ¢ which corresponds to the
investigation of PL properties of a-Si:H films widlifferent  transverse optical (TO) phonon mode in the a-Si:H

volume fractions of the nanocrystalline inclusions. structure [5]. On the contrary, in the spectra $amples
R11 and R16 one can observe a sharp maximum néd& 52
. EXPERIMENTAL cm' which corresponds to the TO phonons in the

The investigated nc-Si:H films were fabricated upoa crysta_lline silicon [6]. For.t-he better.numericéxl éf the
decomposition of a mixture of monosilane (iHand gxperlmental spectra addltlongl maxima have toatk@rt
hydrogen (H) on a quartz substrate by using the very high't© aCCO_li'nt' namely, the m_e11X|m§1 near the freqlﬂaesmuA
frequency (60 MHz) plasma enhanced chemical vapor310 ¢cm” andeio =410 cm’, which are attributed to the
deposition reactor. The thickness of the films wagm, 'ongitudinal acoustic and longitudinal optical pben
and the temperature of substrate during the déposit MOdes, respectively, in a-Sl:H_[17], as well as tfeeximum
220°C. As the hydrogen flow was increased, the gilmn€@r the frequency, = 500 cm™ which is related to the
underwent an amorphous to nanocrystalline tramsifiie  '2nSverse optical phonons at the grain bound8les
volume ratio of gases in the reactor chamber Contr_lbut|on from amorphous phase of s_lllcor_l arairgr
Ru=[H.]/[SiH.] was varied as follows: R= 0 (sample RO— bouno_lanes to Raman spectra of the studied fl!mrstma
reference a-Si:H film), R=5 (sample R5), R= 8 (sample described by a Gaussian shape line [7]. Maximunr nea
R8), Ry = 11 (sample R11), R= 16 (sample R16). The 520.5 cmt was fitted according to the model of strong
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spatial confinement of TO phonons, which takes elac samples R5 and R8 (Fig. 1), we could estimate teeage
silicon nanocrystals. Corresponding line shape acibi nc-Si diameter in these samplenly through our fitting
average diameter were determined according to tlprocedure (in Fig. 2 these values are pointed an op
equations presented in [9, 10]. The volume fractadn squares).
crystalline phase in the investigated films wasedatned

by using the following expression [11]: 60
[ 2
f = C I ’
C I o +(1_+) 40y 16
A0 C |

where I, I, and I, - integral intensities of contributions
from crystalline, grain boundary and amorphous phas
respectively;so=0.1+exp(e/25) - an empirical relationship
between integral cross-sections of Raman scatteiring
crystalline and amorphous phases of silicon, wheresize
of the nanocrystals in nanometers.
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Fig. 2. The dependence of the volume fraction of the
R16 crystalline phase (circles) and the size of the nanocrystals
R11 (sguares) on Ry. Lineis guide for eye.

-""""/\_EE__- In Fig. 3 PL spectra of the investigated samples
measured at 17 K are presented. Dashed lines ofSizau
RS shape represent the fit of the photoluminesceneetsp
N with two maxima near 1.35 eV and 1.52 eV. As cdogd
seen from the Fig. 3, a broad luminescence spectviim

Intensity, a.u.

350 460 ' 4éo ' 560 .-1 séo 600 the peak energy of about 1.35 eV and full widtlhat half
Raman shift, cm maximum of about 0.3 eV is observed for the sanife
Figure 1. Raman spectra of investigated films. (a-Si:H film) at 17 K. This spectrum is commonly

attributed to the recombination between electroapped
Besides the crystalline volume fraction, the Ramain localized tail states of a conduction band armde$
spectra could also be used to estimate the siz&iof trapped in localized tail states of a valance bat@l.
nanocrystals. According to the red shift of the maxn of These localized electronic states exist at the adehe
the corresponding TO phonon mode in crystallineail, bands as a result of the disorder in a-Si:H. Howese
the average nc-Si diameter can be found using tismall blue shift of the maximum is observed for the
following equation [10]: samples R8 and R11, which probably indicates that t
order in the location of atoms in the materialngpioved.
14 This could be due to the increase of the crystaliolume
fraction in the samples R8 and R11. At the same,titine
samples R5, R8, R11 show an additional PL maximum
near the photon energy of 1.52 eV (Fig. 3). Thestalline
A — shi . . yolume fractlpn increase causes thg increase of the
where shift of t_he maximum with respect to t.h emtegrated PL intensity near 1.52 eV. This couktify that
frequency of 520.5 cth a - lattice constant of Si. : : . -
) o ' the maximum near 1.52 eV is most likely originafemm
ParameterdA and y describe the vibrational confinement .
. . the Si nanocrystals.
due to the finite size of a nanocrystal. These rpatars

depend on the nc-Si shaoe. As the actual shapeunf c It should be noted, that when the volume fractibi®io
P pe. P nanocrystals reaches 55% the PL disappears (saile

nanocrystals IS unknown beca_use of missing hlgWhich might happen due to the initiation of nonedidie
resolution transmission electron microscopy iNgz&tons,  ocompination channels as a result of the occuerefithe
we used in our estimations the parameters 47.41 crit percolation way. Our experiments showed that when t
andy = 1.44, obtained in [12] for Si spheres. crystalline volume fraction exceeds 33% (threshaitlie
The results of Raman experimental data processig &or percolation in effective medium approximatioh4])
presented in Fig. 2. As one can see the volumé¢idraof the conductivity of the material increases dranagitic
crystalline phase in studied films continuouslyreéases (more than 4 orders of magnitude). This fact derrates
with the increase of R reaching the value of 55 % for thethe presence of a percolation way built from silico
sample R16. At the same time the average size ®f tnanocrystals in the sample R16.
nanocrystals does not change significantly. It &hdue In this way, PL at low temperatures may be used as
noted that due to the absence of an explicit fofnthe nondestructive method for determination of a swallime
maximum near 520.5 ¢hin the Raman spectra for thefraction of Si nanocrystals in nc-Si:H films.
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IV.  CONCLUSION [7]

The investigations of Raman scattering, as well 8]
photoluminescence and electrical properties were
performed on 1 um thick nc-Si:H films with diffeten
crystalline volume fractions. Studied films showea PL
maxima with the peak energy of about 1.35 eV a® 1.
eV. The first maximum is related to the recombioatof
charge carriers localized in tail-states of a-SiFhe
integrated intensity of the peak at 1.52 eV is fbun
increase with the crystalline volume fraction. Thisak is
associated with silicon nanocrystals embedded th®
matrix of amorphous silicon. When the crystallirdume
fraction reaches 55% the PL disappears. Electrical
measurements proved that the PL vanishing wasalthe
appearance of the percolation way comprised of Si
nanocrystals. It was shown, that PL may be used as
nondestructive method for determination of a swallime
fraction of Si nanocrystals embedded in a-Si:H.

13 14 15 1
Photon Energy, eV
Fig. 3. Photoluminescence spectra of investigated samples
at T = 17 K. Continuous lines represent experimental data.
Dashed lines are the approximations of the peaks near
1.35eVand 1.52 eV.
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