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The dielectric function of nanocrystalline silicdnc-S) with crystallite size in the range of 1 to 3

nm has been determined by spectroscopic ellipsometry in the range of 1.5 to 5.5 eV. ATauc—Lorentz
parameterization is used to model the nc-Si optical properties. The nc-Si dielectric function can be
used to analyze nondestructively nc-Si thin films where nanocrystallites cannot be detected by x-ray
diffraction and Raman spectroscopy. )03 American Institute of Physics.

[DOI: 10.1063/1.1569052

During the last few years, nanocrystalline silicore-S) (R= pHZ/(szﬂL Par) =0.67; p=pressure) on ordinary glass

films have received great attention in photovoltaiesid  substrates at room temperatSr&utherford backscattering
optoelectronicé:? Visible photoluminescencéPL) in the  (RBS) was used to determine the atomic composition that
range from 770 to 880 nm, depending on crystallite size, hagesulted in %Sk 72%, %H=28%, %0<0.5% (Er doping
been reportetifor nc-Si with a grain size in the range from 1 level ~0.1%. HRTEM measurements were performed to es-
to 3 nm due to a quantum confinement effect, overcomingablish the presence of silicon nanocrystallites. SE measure-
the impossibility of crystalline silicor(c-Si) to emit light ments of the pseudodielectric functiofg)=(g,)+i(e5),
because of its indirect band gap. Nanocrystals of silicon havevere performed in the range from 1.5 to 5.0 eV with a phase-
been demonstrated recently to act as sensitizer for erbiummodulated spectroscopic ellipsometefUVISEL-Jobin
ions (EP") incorporated in a silicon-based matrixand to  Yvon).
be the most efficient method for obtaining luminescence at SE spectra were analyzed in terms of optical models
1.54 um. These applications have in common silicon nanocbased on the Bruggeman effective medium approximation
rystallites with a diameter lower than 3 nm. Optimization of (BEMA);'? the fit goodness was estimated by the parameter
devices requires thin-film nanostructure optimization, underx” defined in Ref. 11. A simple two-layéfour-phasg model
standing of the correlation between the nanostructure angpubstrate/film/Sig/air) was used in the analysis. The pres-
optical/electrical properties and, hence, detection of silicorence of the native oxide layer was confirmed by x-ray pho-
nanocrystallites volume fraction and size distribution. toelectron spectroscopy while a very low surface roughness
Conventional structural diagnostics, such as Ramafms=2A) ‘was measured by atomic force microscopy.
spectroscopy and x-ray diffractiofXRD) cannot detect Standarq. dlelectrlclzfunctlons of a nonhydrogengted amor-
nanocrystallites with a grain size lower than 50 Aigh-  Phous silicon(a-S),™ hydrogenated amorphous silicéde-
resolution transmission electron microscofyRTEM) al-  POSited in our reactor by plasma-enhanced chemical vapor
lows direct detection of very small nanocrystals, but it isePOsition(PECVD) from a SiH,—H, plasma were tested in
destructive and not applicable as a routine analysis. the BEMA modeling. The nc-S_| pr;ase was parameter_lze_zd by
In this letter, spectroscopic ellipsomet$E) is demon- the Tauc—LorentZTL) expressiort? In spite of some limi-

strated to be useful for nondestructive detection of silico fations of the TL expression recently discussed in Ref. 14.

nanocrystals with a grain size well below 3 nm and for de':'Here it is used with reliable results, as evidenced by the fact

e . . . . .~ that a very simple BEMA model was necessary to fit data
termination of their volume fraction. The dielectric function with very low y2 value and low value¢<0.3) of the corre-
of nc-Si with a size distribution in the range from 1 to 3 nm y X o

is determined. This is an extension to the nanometer scale I:—T)tion matrix coefficients for fit parameters. The reliability of
' e ellipsometric analysis is also corroborated by the good

the live interest in parameterization and determination of di-

lectric functi P all ilicoh® wh diel agreement with TEM data.
electric function of microcrystatine SHIcon, whose dielec- Figure 1 shows a cross-sectional HRTEM image of a
tric function is crystallite-size dependent.

Do . typical nc-Si sample. The micrograph shows that the a-Si:H
U_ndoped and Er-doped n_c-Sl_fllmS were deposited by iy contains a high density of small clusters that, on the
reactive rf magnetron sputtering in a reactive atmosphergqis of the electron diffraction analysis, have been identified
as silicon nanocrystals. TH&11) planes of silicon nanocrys-

dAuthor to whom correspondence should be addressed; electronic maitals are visible in Fig. 1. The statistical analysis of the nanoc-
cscpmll8@area.ba.cnr.it rystallites size distribution indicates a mean radius of 1.5 nm.
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FIG. 1. Cross-sectional TEM image of a nc-Si film deposited on Corning V o 182 1%nc.Si v
glass. The arrow points out th&11) oriented nanocrystallite. Si nanocrys- I
tallite size distribution is also shown. -10+ ) °© 33*2%{2(5)02385551"341{ 1496 +tm 10
o) 15%8i-Si2H2
" . . o [29%voids
The silicon nanocrystals are homogeneously distributed ° ST 3045
CLs . . . yol 4 . -
within the film thickness that was estimated to be 1400 nm 20, > 3 2 s 10
from cross-sectional TEM. This data supports the use of a ENERGY (V)

simple two-layer model in the ellipsometric analysis.
Figure 2 contrasts the SE spectra of the imagin(asy)o FIG.'3. E;(perimenta(circles) and calculatgd SE spectra of the re(ade) _
part of the pseudodielectric function of a fuIIy amorphousand |mag|nar|y (e,)) parts ofr:he pseudleeII(ectrrl‘c funlctlclm of a nc-Si film
Qi 6 . a0 ] d by RBS dof th on C_ornlng g ass~_:a) and(b) show, respective Y, the calcu ated_ spectra con-
a S'-_H film with [H] =34%, as estimated by =, @nd OT IN€ sjgering the matrix as amorphous-only and with nanocrystallites. The corre-
nc-Si:H sample witH H]=28%, whose TEM picture is in sponding best-fit BEMA models and fit qualig are also reported.
Fig. 1. Both(e,) spectra are characterized by the peak at

about 3.6 eV characteristic of a-Si:H, however, they differ in . . .
§E qualitative evidence of the presence of nanocrystallites.

the interference fringes system, as shown by the inset. | ) )
particular, despite the larger hydrogen content that is known Figure 3 shows the measured and_ fitted SE spectra of the
ame nc-Si sample of Fig. 1. In particular, Figa3shows

to increase the optical band gap, the interference systel% S . :
stops at about 1.9 eV for the a-Si:H film, while it extends upth‘rjlt a poor fit f°=3.5) to the measured pseudodielectric

to 2.4 eV for the nc-Si:H sample that has a lower hydroger{unCtion 's obtained by a BEMA model, including an amor-
content. This indicates an optical band gap for the nc-Si:I—Phous component a-Sior a-Si:H produced by PECVD and

sample larger than that of the a-Si:H sample that cannot b}éo'ds’ etfp(?tqlally in the rﬁeg|or:hof1|_rl15t|<\e/lrf§rfnfe frmges.ﬂ?on—
ascribed to hydrogen; rather, the band gap increase is due quently, itis reasonabifrom the atato assume the

a quantum confinement effect for nc-Si film, and hence give im con5|st|pg of an a—Sl:H' phase with 'WC'“S'O” of 5|I'|con
nanocrystallites. A TL equation parameterizes the nc-Si com-

ponent. The amorphous tissue has been described, on the
basis of the overall hydrogen contehtH{]~28%) and of the
tetrahedron mod&l as a mixture of Si-Si Si—-SgH and
Si—SpH, tetrahedra, with relative amounts of 35%, 50%,
and 15%, respectivefy. Figure 3b) shows the improvement
in the fit obtained by the BEMA model including nc-Si and
sketched in the inset. The void volume fraction takes into
account grain boundaries, and introduces some disorder in
the amorphous matrix. Furthermore, hydrogen bond distribu-
tion of the amorphous tissue is also consistent with Fourier
transform infrared spectrum that showed the peak at 2000
cm ! due to monohydride Si—H stretching with a small
shoulder at 2100 cit due to dihydride Si—h
-10 i . i) 25, The imaginary part of the dielectric function derived for

2 3 4 5 the nc-Si is shown in Fig. 4, together with the corresponding

ENERGY (eV) TL parameters. Here, the comparison with the dielectric

functions of both a-Si(from CVD) and a-Si:H (from

FIG. 2. Experimental SE spectra of the imaginary pdp,f) of the ; P _
pseudodielectric function of a-Si:H with %6H34% and of a nc-Si film with PECVD) is also shown. A small variation of the TL param

%H=28%. The inset shows the detail of the extend of the interferenceei[erS and: hen_ce, of the amplitude and peak_ position of the_
system. dielectric function has been observed depending on the nc-Si
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FIG. 4. Calculated SE spectrum of the imaginary pés)) of the dielec-
tric function of nc-Si with an average crystallite size of 1.5 nm. The com-
parison with a-Si from Ref. 11, and a-Si:H from PECVD is shown as are 0.0 ) A L L N
parameters of TL equation. 6000 6200 6400 6600 6800

Wavenumber, cm™

size distribution. The main features of the nc-Si dielectricrig, 5. pL spectra of nc-Si:H (%H27%—28%) with different nc-Si den-
function are the zero absorption up to 2 eV. A band-gaysities and doped with Er (%Er0.1%).
energy of 1.970.04 eV has been determined by the TL pa-

r_ameterization. Calculations, by the psc_audopotenti_al C?"CU'adetermined by spectroscopic ellipsometry. The analysis of
tions of Refs. 17 and 18 and by the linear combination ofsg spectra of nc-Si samples is based on a parameterization of
atomic orbital calculations of Ref. 19, predict this band-gapihe nc-S; dielectric function with the Tauc—Lorentz equation
energy value for nanocrystallites of silicon with a size lowergnd on a BEMA description of the amorphous phase using
than 2 nm. The peak at about 3.8 eV for nc-Si is also conthe tetrahedron model. It has been shown that spectroscopic
sistent with the fact that the dielectric function of the nano-gjjipsometry can be used to study nondestructively the nano-

sized crystallites should have a very large broadening of thetrycture of nc-Si thin films and determine quantitatively the
E, and E interband critical points characteristic of c-Si and yo|yme fraction of nanocrystallites.
uc-Si until they merge in a unique peak centered at 3.8 eV.
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