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Abstract. Our study deals with the structure of thin nanosilicon films having the
thicknesses less than 100 nm. It is measured using multi-angular and spectral
ellipsometry methods. Modelling of angular dependences of the ellipsometric
parameters shows a significant dependence of both structure and composition of the
nanosilicon films upon their thickness. In particular, the volume fraction of voids
increases with decreasing thickness of the film. The effect of SiO, shell of the
nanocrystals on the optical properties of our films can be neglected. When the
thickness of the nanocrystalline layer is less than 50 nm, the compositions of this
layer and the surface-roughness layer become practically identical.
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1. Introduction

Nanocrystalline silicon, or simply nanosilicon, is widely used in modern integrated electronics
[1, 2] and as a promising material for solar cells [3, 4]. It is known that the physical properties of
silicon films strongly depend on the conditions of their growth and internal parameters. This has
stipulated their comprehensive researches in the recent decades [5—13]. One of the most common
methods for growing nanocrystalline silicon films is a chemical vapour deposition [5, 14]. Due to
variations of the substrate temperatures and the pressure of a working gas, the structure of
deposited films represents a combination of amorphous and crystalline silicon with different ratios
of these components [15, 16]. In particular, increasing substrate temperature increases crystallinity
of the films [8, 16]. In other words, the conditions of growth of the nanocrystalline silicon films
can affect notably their internal structure. On the other hand, the grain size determines the
electrical properties of the films, because the grain boundaries are potential barriers for carriers
[1, 3]. The recent AFM-studies [10] have demonstrated that the grain size depends on the thickness
of deposited films: the films with the thicknesses less than 50 nm contain the grains with the
average size 25-30 nm, while the films thicker than 50 nm contain the grains as large as
180-200 nm. This shows that, if the film thickness is less than 100 nm, some reconstruction of its
internal structure occurs, thus leading to a sharp change in the nanosilicon grain size. Hence, it is
the initial growth stage that determines many physical properties of the nanosilicon films.

Different methods have been used to study thin nanocrystalline silicon films. Among them,
spectroscopic ellipsometry represents a high-speed (in fact, real-time) and non-destructive
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technique, which is characterized by high enough precision in determining the optical parameters
of the films [15-22]. In addition, the spectroscopic ellipsometry allows for determining nanoscale
heterogeneity in the transition layers and a surface roughness of the films [16]. According to the
AFM [10] and TEM [16] studies, the surface structure depends notably on crystallinity of the film:
the greater the latter, the more significant roughness is observed on its surface. Thus, the
ellipsometry technique enables one to estimate the internal structure of the nanosilicon films,
which is extremely important at the early stages of the film growth.

The present work deals with the studies of optical and structural properties of the thin nano-
crystalline silicon films, using the techniques of spectral ellipsometry and multi-angular Mueller
polarimetry.

2. Experimental and theoretical backgrounds

Nanocrystalline silicon films were prepared by chemical vapour deposition in a reduced-pressure
reactor [10]. Film deposition occurred at the substrate temperature 630°C on crystalline Si sub-
strate covered by a SiO, layer with the average thickness 100 nm. The thicknesses of the nano-
crystalline films were 85, 50, 10 and 3 nm. Hereafter these films are referred to as samples 1, 2, 3
and 4.

Angular dependences of the ellipsometric parameters were studied with a Muller polarimeter,
using the angular set ranging from 10° to 35° (see Ref. [17] for more details). The spectral
dependences of the ellipsometric parameters were studied with a rotating-analyzer ellipsometer [6]
based on a Beatty method [19]. Here the incident angle of the optical beam was equal to 75°
[23-25]. Finally, the resulting errors of the ellipsometric parameters did not exceed 2%.

The interaction of light with the multilayer structure involving M layers is governed by the
total reflection coefficient for the s- and p-polarized components [17]:

Mo m 27d, N
RN _ }"0’] + tkfl,k ex . kK Vk rmfl,m , 1
Z{H( P\ Zcosg, (1)

m=1| k=1

1

where 7 and 7 denote the amplitude reflection and transmission Fresnel coefficients for

the polarizations s and p of (i—1)-th border [18], d; and N; are respectively the thickness and the

complex refraction index of i-th layer, and ¢, is the propagation angle of the light beam in i-th

layer. In particular, the coefficient 0! corresponds to the reflectivity between ambient and top
layers of the structure.
Eq. (1) evidences that the overall reflection contains the phase factor of each intermediate

layer, B =2nd, N, /(Acos¢,), which represents phase incursion during the wave propagation in

the layer. This assumes a possibility for interference phenomena appearing as oscillations observed
in the angular dependence of the reflectance. Then each set of the angular dependences defines the
type of the structure and, therefore, the shape of the corresponding curve allows for determining
the composition of the multilayer structure. Analytical expressions available for the angular
dependence of the ellipsometric parameters of reflected light and numerical methods used for their
solving enable one to restore the unknown characteristics of the medium, the thickness of layers
and their complex refractive indices. However, extraction of the impact of each layer of the
structure on the reflected radiation is non-trivial. This problem relies upon solving the system of
transcendent Egs. (1) with the set of arguments:
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where i is the number of equations, and {N} and {d} are the sets of refractive indices and
thicknesses of the layers of the structure, respectively. To simplify the problem, one can employ an
effective medium model [15], which facilitates getting the solution. Note that the studies of
angular dependence of the ellipsometric parameter enable one to obtain a required number of
independent equations for determining the optical parameters of the structure. The final solution of
the problem is such sets of the thicknesses of the layers and their complex refractive indices, which
reduce to minimum the standard deviation of the experimental and theoretical data,
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Here M is the number of measured pairs of the ellipsometric parameters y and A, P the number of
unknown parameters, and symbols ‘meas’ and ‘calc’ indicate respectively measured and
calculated parameter values.

3. Results and discussion

Fig. 1 displays the angular dependences of the ellipsometric parameters of reflected light, as
measured for all of our samples. Here full and open circles refer to the experimental data. The
samples have been studied at the helium-neon laser wavelength (4 =633 nm), and all the results
have been averaged over six points. Solid and dashed curves appearing in Fig. 1 correspond to the
calculated angular dependences of the ellipsometric parameters. A four-layer model has been
employed to simulate the optical parameters of the films, as illustrated in Fig. 2. It is worthwhile to
notice that a complex (e.g., non-spherical) shape of the grains forming the film can have its
manifestations in the polarization parameters of reflected light studied at the incident angles
20-40°[17, 26].
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Fig. 1. Angular dependences of ellipsometric parameters obtained for the samples 1 (a), 2 (b), 3 (c) and 4 (d).
Full and open circles correspond to experimental angular dependences of tany and cosA, respectively. Solid
and dashed curves label simulated angular dependences of tany and cosA, respectively. The model parameters
are gathered in Table 1.
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Fig. 2. Optical model of our samples.

When modelling the ellipsometric parameters, we have used a Bruggeman effective-medium
approximation [15]. In this study, the dielectric function of nc-Si is described by a mixture of
crystalline silicon (c-Si), amorphous silicon (a-Si), SiO, and voids [20-22]. The optical constants 7
and k for these substances at 633 nm are as follows: n.g=3.87, k. =0.001, n,g =421,
kasi=0.422, and ng;0, = 1.45 [27, 28]. We have treated the volume fractions of these components
as model parameters in the theoretical calculations of the ellipsometric parameters. The standard
deviation between the experimental and theoretical data does not exceed 5% for all of our samples.
As seen from Fig. 1 a, b, the simulation reproduces the best the experimental data obtained for the
samples 1 and 2. At the same time, the coincidence of the experimental and simulation data is
slightly worse for the samples 3 and 4 (see Fig. 1c, d).

Table 1. Model parameters of the effective medium: a-Si is amorphous silicon.

Layer | a-Si Nanocrystalline layer (nc-Si) Surface-roughness layer [15]
Volume fraction Volume fraction
d,nm | d,nm - - - d, nm - - -
Sample c-Si a-Si voids c-Si a-Si voids
1 0 85 0.61 0.38 0.01 12 0.66 0.01 0.33
2 0 50 0.81 0.04 0.15 2 0.8 0.01 0.19
3 8 4 0.55 0.08 0.37 5 0.4 0.03 0.57
4 0 4 0.33 0.05 0.62 1 0.28 0.07 0.65

Using the simulations of the angular dependences of the ellipsometric parameters, we have
obtained the parameters of the effective medium shown in Table 1. Although Si clusters can, in
principle, easily react with residual O, in the chamber, the data presented in Table 1 confirm that
the effect of SiO, shells surrounding Si clusters on the parameters of the films could be neglected.
According to Ref. [29], both porous and macrocrystalline silicon films should be considered as
silicon clusters with SiO, shells. In Ref. [10] it has been assumed that the corresponding grains
grow basing on crystal lattice rotation, and so the film growth is accompanied by formation of
stress defects (e.g., cracks of the crystal lattice). Moreover, silicon oxide clusters are not formed
due to a high temperature of the substrate [30]. As a result, we assume that the Mueller
polarimetric data confirm the above assumptions about the grain growth.

As seen from Table 1, the effective-medium parameters found for the sample 3 are quite
different from those of the samples 1, 2 and 4. In this relation we mention that our films have been
prepared at a high enough temperature, 630°C [10]. According to Ref. [31], thin nanocrystalline
silicon films have a uniform fine-grained structure, with the average grain size of 20 nm. At the
same time, the effect of diffusion phenomena on the structure of the films can be strong due to
high temperatures. Then the films with the thickness 5 nm have insular character, with general
border junctions [31]. Aggregation of the grains in agglomerates occurs with increasing film thick-
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ness up to 10 nm, which is accompanied by changing grain borders, which are now featured by the
presence of triple joints [31, 32]. It has also been assumed that the cumulative effect of grain
growth associated with crystal lattice rotation, on the one hand, and high-temperature conditions,
on the other hand, can lead to the formation of amorphous films [10]. At the same time, further
sputtering of silicon at 630°C can result in the formation of tension defects, which is accompanied
by formation of fibrous nanosilicon films and disappearance of the amorphous phase [3].

One can observe a significant contribution of amorphous silicon to the dielectric function of
the nanocrystalline layer in case of sample 1, which has a sharply reduced layer of surface
roughness. This may be owing to large dispersion in the grain-size distribution for the films having
the thicknesses less than 50 nm [10]. Then we observe a large volume fraction of the crystalline
silicon in the nanocrystalline layer and the surface-roughness layer. The contribution of voids into
the dielectric function of the nanocrystalline layer increases significantly for the samples 3 and 4,
whereas the contribution of the amorphous silicon becomes negligible. It is worth to emphasize
that a satisfactory agreement between the experimental curves and the simulation data for the
samples 1, 2 and 4 can be obtained with a zero thickness of the amorphous silicon layer. As seen
from Table 1, the volume fractions of the components obtained for the nanocrystalline layer and
the surface-roughness layer are almost indistinguishable for those samples. Of course, decreasing
layer thickness reduces the accuracy of determination of its optical constants. Moreover, the
changes in the optical constants of a layer have a negligible effect on the ellipsometric parameters
of the reflected light provided that the layer thickness decreases.

To calculate the spectral dependences of the ellipsometric parameters, we have used the
Bruggeman model. Then the data collected in Table 1 have been taken as the model parameters of
the structure. The spectral dependences of the ellipsometric parameters of our samples are shown

in Fig. 3.
27 « tan(y) @ 281 otan(y) ©
1'? | o cos(A) 2"21 - o cos(A)
0.5 1 & 0900 44 000040y 00 be, 1.6 1
04 f "xq 1.2 1
-0.5 M A o0 000 0.8 4
1 \% R0 66 00000000 04_
-15 . ] ; Anm . . . A, nm
400 600 800 1000 1200 400 600 800 1000 1200
L5 - ctan(y) (b) 51 stan(y) - (q)
14 ocos(A) 4 : o cos(A)
0.5 ‘Jk"‘m Sty , 347
1 2
0 7 \0\%
05 _w Vo0, roro 1
» I\ Y2200 4.0 0o 0 _Mmoﬁw_o& £3833:3:833%3
/
-15 : : ; Aonm b ; . A, nm
400 600 800 1000 1200 400 600 800 1000 1200

Fig. 3. Spectral dependences of ellipsometric parameters obtained for the samples 1 (a), 2 (b), 3 (c) and 4 (d).
Full and open circles correspond to experimental spectral dependences of tany and cosA, respectively. Solid
and dashed curves label the simulated spectral dependences of tany and cosA, respectively. The model
parameters are gathered in Table 1.
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As seen from Fig. 3, the spectral curves obtained for the samples 1 and 2, 3 and 4 are very
similar. In general, the character of spectral dependences of the ellipsometric parameters indicates
restructuring of the nanocrystalline films that occurs with increasing film thickness. In case of the
samples 1 and 2, the thickness of the film shifts significantly the phase of reflected radiation, while
the samples 3 and 4 with thinner nanocrystalline layers have a small effect on the phase shift
between the s- and p-polarizations of reflected light. Thus, the spectral curves of the ellipsometric
parameters obtained for the samples 3 and 4 appear to be similar to those typical for the clean-
silicon surface [15]. Our final note concerns a discrepancy between the calculated and
experimental spectral dependences of the ellipsometric parameters. It is caused by the changes in
the electron-band structure of the film composed of nanoscale grains, when compared with the
structure of crystalline silicon [33-35].

4. Conclusion

The analysis of angular dependences of the ellipsometric parameters of our nanocrystalline silicon
film samples has revealed a strong correlation of the physical properties and the internal structure
of our samples with the thickness of the nanocrystalline layer. When this thickness decreases from
85 down to 50 nm, one can observe a significant increase in the volume fractions of voids
available in the nanocrystalline layer. Moreover, the properties of the latter layer and the surface-
roughness layer become almost identical whenever the samples with the film thicknesses as small
as 3 nm and 10 nm are dealt with. Our modelling has also demonstrated that the influence of SiO,
layers located around Si clusters can be neglected and the dielectric function of the nanocrystalline
silicon layer is similar to that of the crystalline silicon. However, in case of the sample with the
layer thickness of 10 nm, the simulated angular and spectral dependences of the ellipsometric
parameters correlate with the relevant experimental data only after taking into account a thin
amorphous-silicon layer between the nanocrystalline silicon film and the SiO, layer.
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Anomauia. Cmammsa npuceauena 6USUEHHIO CMPYKMYPU MOHKUX HAHOKPEMHIUOBUX NIiGOK 3
mosuuramu, menwumu 100 um, 3a memodamu 6a2amoKymosoi ma cneKmpaibHoi enincomempii.
Mooenosannsi Kymogux 3anexdcHocmell eiincoMempuyHux napamempie noKaaio icmommy
3ANEAHCHICMb CMPYKMYPU [ CKIAOY HAHOKPEMHIUOBUX NIIGOK 6I0 ixHboi moewunu. 3oxkpema, 3i
3MEHUIeHHAM MOGWUHU NII6KU 3pocmae 0b'emua uacmka nycmom. J[oedeHo, wo 8niueomM HAHO-
Kkpucmaniunoi obonouku SiO; Ha onmuyHi 81ACMUBOCMI NIIBOK MOdCHA 3Hexmysamu. Hapewmi,
3a MOBWUHU HAHOKPUCTNATIYHO20 wiapy, MeHwoi 50 M, cKIa0 ybo2o wapy i wapy nogepxuesoi
UoOpCmMKoOCmi NPAKMuUYHO 0OHAKOBULL.
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