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ABSTRACT 
 
         Thin a-Si:H films, with a thickness of 1 μm, with different hydrogen concentrations, 
prepared by hot wire deposition were crystallized by 514.5 nm cw Ar ion laser radiation, with a 
power density between 150  and 270 kW/cm2. The crystallization was continuously monitored by 
Raman spectroscopy for exposures up to hours. The analysis of crystallization process using 
Johnson-Mehl phenomenological equations showed an apparent crystallization energy of around 
0.5 eV and low dimensional crystal growth. The mean value of the crystal size decreases with 
increasing irradiation energy and initial hydrogen content and varies between 3 and 6 nm.   
 
INTRODUCTION 
 
         The crystallization process of amorphous silicon films on glass substrates is important from 
a technological point of view for its potential use in the production of hybrid, amorphous/poly-
crystalline silicon solar cells (1-5). Laser crystallization appears to be more promising compared 
to thermal crystallization because it overcomes the conflicting requirements of high temperature 
for crystallization and low temperature for not destroying the glass substrate, by depositing 
almost all of the laser energy directly into the silicon film (6).  
         From the scientific point of view, while there has been extensive work in the field, there 
remains significant details that are not well understood (7). 
 
EXPERIMENTAL  
 
         The 1 μm thick amorphous silicon films, prepared by hot wire deposition plasma enhanced 
chemical vapour deposition (HW PECVD) on a glass and monocrystalline silicon substrate, were 
illuminated with 514.5 nm radiation from an Ar ion laser. The laser beam was focused through 
the optical system on a spot with diameter of about 5 μm. The laser irradiation power density was 
varied between 150 and 270 kW/cm2 and irradiation times were between 0.85 h and 2 h. During 
the laser exposure, the Raman spectra were measured by using an Innova Ar ion laser and a 
U1000 ISA spectrometer, equipped with an Olympus microscope and photomultiplier detector.   
 The hydrogen concentration was estimated from FTIR spectroscopic data using the 
method described in ref (10). The average temperature in the irradiated volume was estimated 
from the ratio of Stokes and anti-Stokes intensities using the procedure described in ref (8), (9).  
This approach typically yields absolute values, which are too low by about 100K, but the relative 
temperatures are more accurate.    
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RESULTS AND DISCUSSION 
 
         At the beginning of the annealing procedure, the Raman spectra are typical of amorphous 
silicon, with a pronounced, broad TO peak at about 480 cm-1 and a broad TA peak at 150 cm-1. 
Shortly after initiating the laser exposure, the peaks corresponding to amorphous phase became 
very weak and disappeared while the TO peak, corresponding to crystalline silicon, between 490 
and 510 cm-1, begins to grow. During the irradiation, the peak area, A, peak position, ωTO, and 
peak width, FWHM (full width at half maximum), change, depending on the illumination power 
density. However, these changes have qualitatively the same behavior and can be divided in two 
regimes. Spectra for a typical example, obtained at an illumination power density of 230 kW/cm2, 
are displayed in Fig 1. At the initiation of illumination (Fig.1.a), the peak area increase while the 
TO peak position shifts first towards lower wave numbers and later in the opposite direction. 
During the first regime, the area under the TO peak reaches its saturation value. In the next 
regime (Fig.1b), only the position of peak maximum and the FWHM change. Eventually, the 
process reaches saturation values. 
         The changes are presented more quantitatively in the next figures. As is shown in Fig. 2, the 
saturation values of the area under the TO peak, Asat, differ by an order of magnitude when  

the energy density is changed from 150 to 230 kW/cm2. However, the time dependence of the 

ratio of the peak area to the saturation value, A(t)/Asat, show a similar type of behaviour (see Fig. 

3). 
         The data can be analysed by using the Johnson-Mehl equations (11), which can be 
expressed as 
 
                                      X(t)= 1-exp(-(Kt)n)                                            (1) 
 
where X(t) is the area ratio,  A(t)/Asat, t  is the irradiation time, K is a rate constant, and n is the 
growth exponent. If the crystallization process is mainly thermally activated, then K is given by  
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Fig.1. Raman spectra measured during the illumination with power density of 230 kW/cm2., for 
illumination time t ≤42 min(a) and t≥42 min (b).The illumination time is denoted on each 
spectrum.  
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the relation 
 
                                      K=Ko exp(-(ΔE/kT))                                               (2) 
 
where Ko is a constant, ΔE is the overall activation energy, k is the Boltzman constant and T is 
the temperature in Kelvin. 
         Analyzing the results according to the above relations, we obtain a value of ΔE ≈0.5 eV and 
values for n between 1 and 2 which suggest a low dimensionality of crystal growth. 
         The frequency of the TO peak, after the instability at the start of the process, shifts towards 
higher values during illumination (Fig. 4). Its initial and final values are substantially lower for 
higher illumination power. In Fig. 4 the values for peak positions are corrected to zero 
temperature in order to compare Raman measurements performed under different illumination 
power, e.g. different temperature. This was done by correcting the data based on the temperature 
dependent shifts of single crystal silicon determined according to Hart et al.(12). 
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Fig. 2. The logarithm of area under TO peak 
versus irradiation time for two extreme values 
of  irradiation power (shown in the graph). 

Fig. 3. The ratio of area under TO peak after 
illumination time, A(t) and saturation area 
Asat, X(t)=A(t)/Asat , versus illumination time, 
t. for two irradiation  powers.  

Fig. 4. The frequency of TO phonon peak as a 
function of illumination time for two extreme 
power densities.  

Fig. 5. The full width at half maximum of TO 
phonon peak versus illumination time for two  
extremes of power densities.  
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         The TO peak position of polycrystalline silicon is a function of crystal size, temperature 
(13) and strain in the material (14). Since in our case, the temperature rise due to laser irradiation 
is low, the crystallization is only partial, and there is a high probability that the crystal grains are 
embedded in the amorphous phase, which should lower the strain in material. For this reason we 
will only consider the influence of crystal size and temperature.  
         In general, as the temperature of the sample is increased the peak frequency becomes lower. 
Similarly, as the crystal size is decreased below 100 nm, the peak frequency becomes lower. If 
the temperature of the sample is constant, then the peak position can be used as an estimation of 
the crystal size. Unfortunately, the temperature is not constant during the process studied here. 
The temperature rise, ΔT, due to laser light absorption can be expressed by the relation (15) 
 
                                      Δ T = (1-R) N/κ (P/w)                                          (3) 
 
where R is the reflectivity of the sample, P is the laser power, κ is thermal conductivity, and N is 
a slowly varying function of the product of absorption coefficient α and laser beam diameter w, 
which in our case is close to 1. The absorption coefficient α of the applied laser wavelength is 
higher for amorphous silicon than for polycrystalline silicon, and the thermal conductivity of the 
amorphous material is almost two orders of magnitude lower than for crystalline silicon. 
Consequently, according to Eq. (3), the temperature during illumination is expected to be higher 
for the amorphous material. This means that the temperature of the sample is expected to 
decrease during the amorphous to crystalline transformation. The temperature change is 
somewhat less significant if we consider that the thermal conductivity of substrate is also 
important in determining the heat conduction (16). The value for κ in Eq. (3) would then have a 
value between that for glass (which remains nearly constant) and that of the thin Si film. 
Therefore, only after the crystallization process comes to saturation, is the temperature stable, and 
the peak position reflects the crystal size.  
         According to above discussion, the increase in the TO peak frequency with time is a 
consequence of two processes - lowering of the temperature and an increase in crystallized grain 
size. The instability in the first 20-30 min (see also Fig.1a) corresponds to the nucleation phase. 
Further illumination causes the growth of grains up to the saturation value (see also Fig. 1b), 
which depends upon the irradiation power density (temperature) and the initial hydrogen 
concentration (Table I).  The final grain size, L, in Table I is estimated by the semi empirical 
relation obtained upon data published in ref. (17), (18): 
 
                                     L(Å) = 225/(ω-ω0)

0.76                                        (4) 
 
where L is in Å , ω the temperature corrected TO peak position and ω0 =  520 cm-1, the value for 
room-temperature TO peak position of monocrystalline silicon. The temperature values indicated 
were deduced from the Raman spectra and are expected to be low by about 100K.  As is 
displayed in Table I, higher irradiation power and higher initial hydrogen concentration each lead 
to smaller crystals. This result, which is similar to results presented in ref. (19) and (20), indicates 
that in this temperature range, an increase in temperature leads to a higher nucleation rate rather 
than an increased growth rate, as discussed recently in ref. (21). 
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    TABLE I The illumination power density, average temperature of illuminated volume and average  
                    grain size, L, for two samples with different hydrogen concentration. 
 

Power density 

(kW/cm2)  

Temperature (K) 

From Raman 

L (Å) for sample 

with 11 at% H 

L(Å) for sample 

with 3 at % H: 

150  626 60 ± 10  

170  640 50 ± 10  

190 654  40 ± 8  

230 720 27 ± 6 55± 10 

270 900 29 ± 6 45 ± 9 

 

 
         The full width at half maximum of the TO phonon peak versus illumination time for two 
illumination power densities is plotted in Fig. 5. The FWHM in our case is a consequence of the 
grain size and the grain size distribution. As is evident in Fig. 5, during the illumination the width 
decreases only slightly. 
 
CONCLUSION 
 
         Thin a-Si:H films, with thickness of ~1 μm and with different hydrogen concentrations, 
prepared by hot wire deposition were crystallized by 514.5 nm cw Ar ion laser radiation. The 
power density was varied between 150 and 270 kW/cm-1. The crystallization process, which was 
analysed using the Johnson-Mehl phenomenological equations, showed an apparent 
crystallization energy of ~ 0.5 eV and low dimensional crystal growth, resulting in nano crystals 
with dimensions between 3 and 6 nm. Higher irradiation power and higher initial hydrogen 
concentration both lead to films with decreased crystalline size. 
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