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Abstract. The influence of tin impurity on amorphous silicon crystallization was
investigated using the methods of Raman scattering, Auger spectroscopy at ion etching,
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Si:Sn alloy manufactured by thermal evaporation. Formation of Si crystals of the 2 to 4-
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1. Introduction

Nanocrystalline silicon thin films are one of the most
promising materials for photovoltaic solar energy cells
[1-3]. Controlled crystallization of amorphous silicon
films could be one of the ways to produce
nanocrystalline silicon. It is known very little about the
effect of tin doping on the transformation of silicon from
amorphous to crystalline state. Tin as an element of
group IV is isovalent impurity in silicon. Since Sn does
not create energy levels in Si band gap (E,), tin doping
does not affect electrical, optical and recombination
properties of Si crystals. At the same time, Sn atoms
available in Si significantly slow down the degradation
of these characteristics caused by heating [4-6] and
radiation [6-8]. The first reports about crystallization of
a—Si films doped by Sn from the gaseous phase in the
process of film formation were made in [9]. Their results

were further confirmed in [10], where the dominant size
of Si crystals in amorphous matrix was close to few
nanometers. However, the distribution of Sn atoms
inside the film of Si:Sn alloy produced by the authors of
[9] was very heterogeneous. Therefore, the aim of this
work was to study of the effect of different Sn
concentrations on phase state Si:Sn alloy with controlled
distribution of Sn in the layers suitable for Raman
scattering method investigation.

2. Experiment

Si:Sn alloy films with the thickness from the range 300
to 500 nm were prepared from high-purity powder
mixtures of Si and Sn taken in different weight ratios by
thermal sputtering in vacuum. The films were deposited
on silica or monocrystalline Si substrates at the
temperature 300 °C and residual pressure 10 °Pa. The
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parameters of sputtering ensured a uniform distribution
of Sn impurity in 100 nm thick surface layer of the film
[10]. Phase composition of the films was determined by
analyzing the spectra of Raman scattering (RS) activated
by Ar-Kr'-laser at the wavelength 514.5 nm. The
impurity distribution profile in the alloy film thickness
was investigated by the Auger spectroscopy method at
layered ion etching. The surface relief and impurity
distribution were investigated by scanning electron
microscopy (SEM) and X-ray fluorescence microprobe.

3. Results and discussion

Fig. 1 shows typical profiles of impurity concentrations
in Si:Sn alloy films(a) and reference sample of
amorphous silicon without tin (b) produced by the
known method on the substrate of monocrystalline
silicon with SiO, layer. It is seen that the films contain
technological impurities carbon and oxygen. The
concentration distribution of impurities in the surface
layer suitable for RS light excitation is shown in Fig. 2.
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Fig. 1. Distribution profiles of elements: (a) in Si:Sn alloy (Sn
concentration 5 at.%); (b) in the reference film of amorphous
Si (without Sn).
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Fig. 2. Distribution profiles of the elements in the surface layer
of films doped by tin (a) and in the reference one (b).

As seen in the figure, the distribution of Sn is
uniform. The distribution of technological impurities (O
and C) is approximately the same in both materials.
Qualitatively similar profiles are observed in the films
with different tin content. This allows the correct use of
RS to analyze the phase structure of alloys. Fig.3a
shows the changes in Raman spectra with increase in the
tin content. The wide band at 470 cm™' corresponds to
the amorphous Si. The narrow band at 515 cm’
corresponds to crystalline Si. The amplitude of the latter
depends on the fraction of crystalline phase in the whole
bulk of material, while the peak frequency position — on
the dominating crystallite size [11-13]. It is seen that the
band at 515cm’ is observed only at the Sn
concentrations close to 2.5 at.% and higher.

With increasing Sn concentration, the amplitude of
this band significantly grows, and it becomes slightly
shifted upwards by the frequency. That is, tin stimulates
crystallization of silicon by increasing the number of
crystals, however, producing little effect on their
dominant size. To estimate the volume fraction of
crystalline phase, we used the formula taken from [11]:

Xc:(lc/la)/(Y(L)+Ic/1a)’ (D
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where /., I, are integrated scattering intensities of
crystalline and amorphous components,
Y(L)=0.1+exp(~ L/25) is the ratio of scattering cross
sections of crystalline and amorphous silicon, L is the
average crystal size (in nanometers) that can be
estimated using the formula [12, 13]:

1(v)= [exp| - L (@nP /(v vla) + (6 /27 | %
2)

where Iy is the half-width of the Si phonon band typical
for the single crystal, and v(q) are dispersion relations
for TO (LO) vibrations. The reliable spectrum in the

range 400 to 540cm’' as a Gauss component
characteristic of amorphous silicon as well as
asymmetric component described by (2) and

corresponding to the nanocrystalline phase allowed us to
estimate the proportion between them. For example,
Fig. 3b shows this decomposition into components for
the alloy containing 2.5 at.% of Sn. Summarized in
Table 1 are the results of these calculations for the Sn
contents: 2.5, 5.0, 7.5 at.%.
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Fig. 3. Raman spectra of Si:Sn alloys with the integral Sn
content 0.25...7.5 at.% (a). Decomposition of the Raman
spectra into Gaussian components for the amorphous sample
doped with 2.5 at.% of Sn (b).

Table 1. The estimated crystal sizes and crystalline phase
volumes for the samples containing Sn: 2.5 - 7.5 at.%.

Ne | Sn, 1. 1, 1./1, Crystal Crystalline
at.% size L phase X,
(nm) (%)
1. | 25 | 257|757 | 0.34 2.3 0.25
5 45.6 | 544 | 0.84 2.7 0.46
3 7.5 | 61.0 | 39.1 | 1.56 3.0 0.61

10um SEM
Fig. 4. SEM images of the surface of a silicon film containing
5 at.% of tin. The general view of the surface (on the left). The
detailed image of a quasi-spherical formation and dendrite-like

aureole (on the right).

In contrast to the reference films (without Sn) and
films containing 0.25 and 1.25 at.% of tin, there are
quasi-spherical formations surrounded by dendrite-like
aureoles on the surface of films listed in Table 1. The
size and concentration of these formations correlate with
the total Sn concentration. For example, Fig. 4 shows
SEM images of the film surface for alloy containing
5 at.% of Sn. The numbered areas in the figure are the
action areas of the X-ray microprobe. It is seen that the
quasi-spherical formation in the center is a drop of
metallic tin. The drop is covered with a typically cracked
oxide film. The tin content in halos is twice as high as
that outside. To determine the phase state of the film in
the region surrounding tin droplets, RS were measured
using excitation with the laser microprobe having the
diameter close to 1 um. Fig. 5a shows a photographed
image of the surface of the same alloy as in Fig. 4
obtained using an optical microscope. The locations of
Raman spectra measured at different distances from the
surface of the tin drop are marked by figures.
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Fig. 5. Designated RS positions of measurements (a) and the
respective spectra (b).

Table 2. The results (in atomic %) of the element
composition analysis in the areas selected in Fig. 4.

Area Neo C (@) Si Sn
1 3.57 15.59 76.79 4.06
2 3.99 14.75 77.00 4.25
3 321 10.80 78.24 7.74
4 3.35 9.56 78.77 8.32
5 4.95 51.45 8.96 34.65
6 5.58 49.62 7.54 37.27

Table 3. The estimated crystal sizes and fraction of the
crystalline phase in the film per unit of volume for the
regions selected in Fig. 5a.

Ne 1. 1, 1./1, Crystal Crystalline
size L phase X, (%)
(nm)

1 23.7 5.8 4.09 4.5 80

2 59.8 | 40.21 1.49 2.7 60

3 28.8 71.2 0.40 2.3 28

Fig. 5b shows RS spectra measured in the locations
indicated in Fig. 5a. It is seen that amplitude of the band
related with the crystalline phase, estimated within the
range 500 to 525 cm'', increases nearer to the tin drop.
The quantitative estimates of silicon crystalline phase in
the vicinity of tin droplet obtained by the method of
decomposition into amorphous and crystalline
components of RS described above when analyzing the
spectra in Fig. 3 are shown in Table 3.
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Fig. 6. Dependence of Si and Sn crystal sizes on the annealing
temperature [15].

The table shows that the relative fraction of the
bulk occupied by Si crystals is 80% near the surface and
decreases to 28% at the periphery of the halo. Typically,
the crystal size in the middle and the peripheral parts of
the halo (i.e., in its main part) is about 2-3 nm, like to the
case of integral Raman measurements (Table 1) with the
excitation beam diameter close to 30 um.

It should be noted that no tin droplets are observed
on the surface of alloys containing 0.25 and 1.25 at.% of
tin (amorphous according to RS). This indicates that
silicon crystallizes only in the films containing drops of
metallic tin. Crystallization spreads from the interface of
metal — amorphous Si into the film bulk. This result
agrees with the data from [14] where it was shown that
in planar film structure “amorphous Si on crystalline Sn”
Si crystallizes and Sn dissolves at the edge of these films
in the course of annealing at 300...500 °C. The
production of polycrystalline silicon film on metallic
substrates by forming a joint eutectic layer due exchange
of neighboring atoms of the metal and a —Si films was
analyzed in [15] and the “mechanism of exchange layer”
was suggested for interpretation.

But direct application of this mechanism to
interpret our results does not allow us to explain the
dendritic character of crystallization around tin droplets
and gradient crystalline phase proximity to a surface tin
droplet. Therefore, we propose a slightly different
mechanism. We shall consider the Si:Sn eutectic as a
solution of silicon in tin which is liquid at 300 °C. a —Si
surface dissolves in eutectic until the solution is
saturated. Further on the solution can disintegrate with
Si crystals formed in it. The crystals’ maximum size
depends on the solution temperature. Fig. 6 shows the
dependence of the grain size on the Si annealing
temperature obtained in [15].

The solubility of tin in crystalline silicon is weak

(~1019 cm™ [16]). Therefore, segregation occurs on the

surface of growing Si crystals. Sn atoms return to the
eutectic. The solution again becomes unsaturated, and
the solution of amorphous silicon is restored. Then the
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process repeats. Sn segregation on Si crystallization
front forms a suitable layer of concentration
supercooling of the solution whose fluctuations of
thickness cause the characteristic dendritic shape of the
crystallization zone. As it can be assumed from Fig. 6,
crystal sizes obtained in our experiments (2.3 to 4.5 nm)
fall into the region 200...300 °C. This coincides with
real cooling our film alloys on substrates heated to
300 °C.

To better understand the mechanism of Sn
influence on a-Si  crystallization, additional
investigations of annealing effect on the Si: Sn alloy
microstructure are required.

4. Conclusions

Tin doping promotes amorphous silicon crystallization
only at concentrations exceeding Sn solubility in
amorphous silicon (Sn concentration ~1...2 at.%).
Prerequisite of Sn induced crystallization of amorphous
Si is the available metallic tin clusters. The dominant
size of Si crystals formed in the result of tin doping is 2
to 4 nm at the temperature of Si:Sn alloy film formation
200...300 °C. The volume fraction of the crystalline
phase depends on the level of doping and may be as high
as 80%. Tin impact is efficient enough to transform most
of silicon from amorphous to nanocrystalline state
within a few minutes of exposition of the alloy film at
200...300 °C  during its formation. The likely
mechanism of tin influence on a—Si crystallization is
eutectic “exchange layer” formed at the interface of
metal drop — amorphous semiconductor.
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1. Introduction 

Nanocrystalline silicon thin films are one of the most promising materials for photovoltaic solar energy cells [1-3]. Controlled crystallization of amorphous silicon films could be one of the ways to produce nanocrystalline silicon. It is known very little about the effect of tin doping on the transformation of silicon from amorphous to crystalline state. Tin as an element of group IV is isovalent impurity in silicon. Since Sn does not create energy levels in Si band gap (Eg), tin doping does not affect electrical, optical and recombination properties of Si crystals. At the same time, Sn atoms available in Si significantly slow down the degradation of these characteristics caused by heating [4-6] and radiation [6-8]. The first reports about crystallization of 
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 films doped by Sn from the gaseous phase in the process of film formation were made in [9]. Their results were further confirmed in [10], where the dominant size of Si crystals in amorphous matrix was close to few nanometers. However, the distribution of Sn atoms inside the film of Si:Sn alloy produced by the authors of [9] was very heterogeneous. Therefore, the aim of this work was to study of the effect of different Sn concentrations on phase state Si:Sn alloy with controlled distribution of Sn in the layers suitable for Raman scattering method investigation.


2. Experiment


Si:Sn alloy films with the thickness from the range 300 to 500 nm were prepared from high-purity powder mixtures of Si and Sn taken in different weight ratios by thermal sputtering in vacuum. The films were deposited on silica or monocrystalline Si substrates at the temperature 300 (C and residual pressure 10–3Pa. The parameters of sputtering ensured a uniform distribution of Sn impurity in 100 nm thick surface layer of the film [10]. Phase composition of the films was determined by analyzing the spectra of Raman scattering (RS) activated by Ar-Kr+-laser at the wavelength 514.5 nm. The impurity distribution profile in the alloy film thickness was investigated by the Auger spectroscopy method at layered ion etching. The surface relief and impurity distribution were investigated by scanning electron microscopy (SEM) and X-ray fluorescence microprobe. 

3. Results and discussion 


Fig. 1 shows typical profiles of impurity concentrations in Si:Sn alloy films (a) and reference sample of amorphous silicon without tin (b) produced by the known method on the substrate of monocrystalline silicon with SiO2 layer. It is seen that the films contain technological impurities carbon and oxygen. The concentration distribution of impurities in the surface layer suitable for RS light excitation is shown in Fig. 2. 
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Fig. 1. Distribution profiles of elements: (a) in Si:Sn alloy (Sn concentration 5 at.%); (b) in the reference film of amorphous Si (without Sn).
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Fig. 2. Distribution profiles of the elements in the surface layer of films doped by tin (a) and in the reference one (b).

As seen in the figure, the distribution of Sn is uniform. The distribution of technological impurities (O and C) is approximately the same in both materials. Qualitatively similar profiles are observed in the films with different tin content. This allows the correct use of RS to analyze the phase structure of alloys. Fig. 3a shows the changes in Raman spectra with increase in the tin content. The wide band at 470 cm–1 corresponds to the amorphous Si. The narrow band at 515 cm–1 corresponds to crystalline Si. The amplitude of the latter depends on the fraction of crystalline phase in the whole bulk of material, while the peak frequency position – on the dominating crystallite size [11-13]. It is seen that the band at 515 cm–1 is observed only at the Sn concentrations close to 2.5 at.% and higher. 


With increasing Sn concentration, the amplitude of this band significantly grows, and it becomes slightly shifted upwards by the frequency. That is, tin stimulates crystallization of silicon by increasing the number of crystals, however, producing little effect on their dominant size. To estimate the volume fraction of crystalline phase, we used the formula taken from [11]:
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where Ic, Ia are integrated scattering intensities of crystalline and amorphous components, 
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 is the ratio of scattering cross sections of crystalline and amorphous silicon, L is the average crystal size (in nanometers) that can be estimated using the formula [12, 13]:
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where (0 is the half-width of the Si phonon band typical for the single crystal, and ((q) are dispersion relations for TO (LO) vibrations. The reliable spectrum in the range 400 to 540 cm–1 as a Gauss component characteristic of amorphous silicon as well as asymmetric component described by (2) and corresponding to the nanocrystalline phase allowed us to estimate the proportion between them. For example, Fig. 3b shows this decomposition into components for the alloy containing 2.5 at.% of Sn. Summarized in Table 1 are the results of these calculations for the Sn contents: 2.5, 5.0, 7.5 at.%. 
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Fig. 3. Raman spectra of Si:Sn alloys with the integral Sn content 0.25…7.5 at.% (a). Decomposition of the Raman spectra into Gaussian components for the amorphous sample doped with 2.5 at.% of Sn (b).

		Table 1. The estimated crystal sizes and crystalline phase volumes for the samples containing Sn: 2.5 – 7.5 at.%.  


№

		Sn, at.%

		Ic

		Ia

		Ic /Ia

		Crystal size L (nm)

		Crystalline phase Xc (%)



		1.

		2.5

		25.7

		75.7

		0.34

		2.3

		0.25



		2.

		5

		45.6

		54.4

		0.84

		2.7

		0.46



		3.

		7.5

		61.0

		39.1

		1.56

		3.0

		0.61
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Fig. 4. SEM images of the surface of a silicon film containing 5 at.% of tin. The general view of the surface (on the left). The detailed image of a quasi-spherical formation and dendrite-like aureole (on the right). 


In contrast to the reference films (without Sn) and films containing 0.25 and 1.25 at.% of tin, there are quasi-spherical formations surrounded by dendrite-like aureoles on the surface of films listed in Table 1. The size and concentration of these formations correlate with the total Sn concentration. For example, Fig. 4 shows SEM images of the film surface for alloy containing 5 at.% of Sn. The numbered areas in the figure are the action areas of the X-ray microprobe. It is seen that the quasi-spherical formation in the center is a drop of metallic tin. The drop is covered with a typically cracked oxide film. The tin content in halos is twice as high as that outside. To determine the phase state of the film in the region surrounding tin droplets, RS were measured using excitation with the laser microprobe having the diameter close to 1 (m. Fig. 5a shows a photographed image of the surface of the same alloy as in Fig. 4 obtained using an optical microscope. The locations of Raman spectra measured at different distances from the surface of the tin drop are marked by figures.

[image: image13.jpg](.sf.i ‘l f

.Q -
/.J.‘?ilt“ll
q
ﬁt“*d\* " w V
. ‘ . m

uu







[image: image14.jpg]200 300 400 500
(b) Raman shift, cm™






Fig. 5. Designated RS positions of measurements (a) and the respective spectra (b).

Table 2. The results (in atomic %) of the element composition analysis in the areas selected in Fig. 4.


		Area №

		C

		O

		Si

		Sn



		1

		3.57

		15.59

		76.79

		4.06



		2

		3.99

		14.75

		77.00

		4.25



		3

		3.21

		10.80

		78.24

		7.74



		4

		3.35

		9.56

		78.77

		8.32



		5

		4.95

		51.45

		8.96

		34.65



		6

		5.58

		49.62

		7.54

		37.27





Table 3. The estimated crystal sizes and fraction of the crystalline phase in the film per unit of volume for the regions selected in Fig. 5a.

		№

		Ic

		Ia

		Ic /Ia

		Crystal size L (nm)

		Crystalline phase Xc (%)



		1

		23.7

		5.8

		4.09

		4.5

		80



		2

		59.8

		40.21

		1.49

		2.7

		60



		3

		28.8

		71.2

		0.40

		2.3

		28





Fig. 5b shows RS spectra measured in the locations indicated in Fig. 5a. It is seen that amplitude of the band related with the crystalline phase, estimated within the range 500 to 525 cm–1, increases nearer to the tin drop. The quantitative estimates of silicon crystalline phase in the vicinity of tin droplet obtained by the method of decomposition into amorphous and crystalline components of RS described above when analyzing the spectra in Fig. 3 are shown in Table 3.
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Fig. 6. Dependence of Si and Sn crystal sizes on the annealing temperature [15].

The table shows that the relative fraction of the bulk occupied by Si crystals is 80% near the surface and decreases to 28% at the periphery of the halo. Typically, the crystal size in the middle and the peripheral parts of the halo (i.e., in its main part) is about 2-3 nm, like to the case of integral Raman measurements (Table 1) with the excitation beam diameter close to 30 (m.


It should be noted that no tin droplets are observed on the surface of alloys containing 0.25 and 1.25 at.% of tin (amorphous according to RS). This indicates that silicon crystallizes only in the films containing drops of metallic tin. Crystallization spreads from the interface of metal – amorphous Si into the film bulk. This result agrees with the data from [14] where it was shown that in planar film structure “amorphous Si on crystalline Sn” Si crystallizes and Sn dissolves at the edge of these films in the course of annealing at 300…500 (C. The production of polycrystalline silicon film on metallic substrates by forming a joint eutectic layer due exchange of neighboring atoms of the metal and 
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 films was analyzed in [15] and the “mechanism of exchange layer” was suggested for interpretation.


But direct application of this mechanism to interpret our results does not allow us to explain the dendritic character of crystallization around tin droplets and gradient crystalline phase proximity to a surface tin droplet. Therefore, we propose a slightly different mechanism. We shall consider the Si:Sn eutectic as a solution of silicon in tin which is liquid at 300 (С. 
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 surface dissolves in eutectic until the solution is saturated. Further on the solution can disintegrate with Si crystals formed in it. The crystals’ maximum size depends on the solution temperature. Fig. 6 shows the dependence of the grain size on the Si annealing temperature obtained in [15].


The solubility of tin in crystalline silicon is weak (~
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 [16]). Therefore, segregation occurs on the surface of growing Si crystals. Sn atoms return to the eutectic. The solution again becomes unsaturated, and the solution of amorphous silicon is restored. Then the process repeats. Sn segregation on Si crystallization front forms a suitable layer of concentration supercooling of the solution whose fluctuations of thickness cause the characteristic dendritic shape of the crystallization zone. As it can be assumed from Fig. 6, crystal sizes obtained in our experiments (2.3 to 4.5 nm) fall into the region 200…300 (C. This coincides with real cooling our film alloys on substrates heated to 300 (C. 


To better understand the mechanism of Sn influence on 
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 crystallization, additional investigations of annealing effect on the Si: Sn alloy microstructure are required.


4. Conclusions


Tin doping promotes amorphous silicon crystallization only at concentrations exceeding Sn solubility in amorphous silicon (Sn concentration ~1…2 at.%). Prerequisite of Sn induced crystallization of amorphous Si is the available metallic tin clusters. The dominant size of Si crystals formed in the result of tin doping is 2 to 4 nm at the temperature of Si:Sn alloy film formation 200…300 (C. The volume fraction of the crystalline phase depends on the level of doping and may be as high as 80%. Tin impact is efficient enough to transform most of silicon from amorphous to nanocrystalline state within a few minutes of exposition of the alloy film at 200…300 (C during its formation. The likely mechanism of tin influence on 
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 crystallization is eutectic “exchange layer” formed at the interface of metal drop – amorphous semiconductor.
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