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The Effect of Laser Annealing on the Surface Morphology and Optical
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The effect of laser annealing on the surface microrelief and optical properties of nanocrystalline silicon
films, prepared by low pressure chemical vapor deposition, has been investigated. It is shown that under
the interaction with the laser radiation recrystallization takes place in the films, due to which there is a
smoothing of surface irregularities and forming of grain-agglomerates. These structural changes lead to
the decrease in the content of the silicon oxide films by reducing the area of the grain boundaries. The ad-
ditional peak at 480 nm is observed in the absorption spectrum of the films.
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1. INTRODUCTION

A wide application of silicon films and multilayer
structures on their base, in particular, Si film / SiO2 /
monocrystalline Si structures, in microelectronics and
solar power engineering necessitates the detailed study
of their structure, since just it defines the electrophysi-
cal characteristics of elements of integrated-circuits and
solar cell as well as their reliability [1-3].

Use of nanomaterials, in particular, nanocrystalline
silicon films, is promising from the point of view of ap-
plication in solar power engineering. Using nanoparti-
cles, it is possible to increase the battery surface area-
to-volume ratio, so that the efficiency increases [3]. If,
for example, deposit a nanocrystalline silicon film of the
thickness to 10 nm on the solar battery surface, its effi-
ciency will increase by 5 %.

Studies focused on improving the structure of these
materials are actual to increase the efficiency of nano-
silicon materials in their application in solar power en-
gineering. In particular, in order to reduce the solar ref-
lection losses and increase the photoabsorption coeffi-
cient of solar radiation by the semiconductor volume, a
substantial attention is devoted to the formation of the
surface relief of solar cells.

Structure of nanosilicon films and microrelief of their
surface are determined by the conditions of the films
production and subsequent treatments. A possibility to
modify the films structure, their surface and properties
of multilayer systems using laser radiation attracts a
special attention [4-9]. This is conditioned by the fact
that when using laser radiation, there is a possibility of
selective annealing of separate layers in multilayer sys-
tems by choosing the corresponding wavelength and
radiation power that is impossible for ordinary thermal
treatments [4, 8].

It is known that depending on the parameters of la-
ser radiation, it is possible to achieve the improvement
of quality of the silicon surface on account of recrystal-

lization of polycrystalline or crystallization of amor-
phous silicon layers. It is shown in the works [5-7] that
structure transformation of silicon layers during laser
annealing induces the change in their electrophysical
and optical properties. We note that use of the system
with simultaneous registration of scattered radiation can
allow to determine the characteristics of reconstruction
of the defect structure [10, 11].

The aim of the present work was the study of the inf-
luence of laser annealing on the surface microrelief and
optical characteristics of nanocrystalline silicon films in
multilayer nanosilicon film / SiO2 / monocrystalline Si
(nano-Si/SiO2/Si) systems.

2. OBJECT OF STUDY

Films of nanocrystalline silicon were prepared by low-
pressure chemical vapor deposition (LPCVD) technique.
Plates of monocrystalline silicon with SiО2 oxide layer of
the thickness of ~ 100 nm were used as the substrates.
Thickness of silicon films was equal to 10 nm and depo-
sition temperature – 630 °C. Deposited films had a ful-
ly crystalline structure at this temperature [12].

Atomic force microscopy method was used for the in-
vestigation of the surface microrelief of the films. Ima-
ges of the films surface were obtained in the scanning
atomic force microscope NanoScope IIIa in the trapping
mode by silicon probes with the point radius of 10 nm.

Annealing was performed using the single-frequency
solid-state pulsed laser with resonator based on Sagnac
interferometer: Nd:YAG active medium, radiation wave-
length 1.064 mm (linearly polarized radiation), pulse du-
ration 25 ns, pulse energy 30 mJ, pulse repetition rate
1 Hz. Generation at the lowest transverse mode is con-
firmed by the Gaussian distribution of the radiation in-
tensity in the beam cross-section [13]. Single-frequency
generation is checked by the Fabry-Perot interferometer
with the base of 22 mm [14]. Annealing time 15 min,
energy density 60 mJ/cm2.
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Method based on the modified Beatty method [15] was
used to perform the optical measurements. As shown in
[16], for three-layer nano-Si/SiO2/Si system, reflection
coefficient can be written as follows
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where r01, r12, r23 are the amplitude reflection coeffici-
ents at the interfaces air/nano-Si, nano-Si/SiO2, SiO2/Si,
respectively; b is the phase thickness:

( )2 22 sinl
l in

d n ib p k j
l

= + - , (2)

where dl is the thickness of the l-th layer (l = 1 for the
nano-Si layer and l = 2 for the SiO2 layer); n and k are
the refractive and absorption indexes, respectively; l is
the wavelength of probing radiation; jin is the inci-
dence angle.

In the interpretation of the ellipsometric data, one
has to solve the inverse problem: recovery of the refrac-
tive and absorption indices. It is necessary to note that
in order to solve the inverse problem on the determina-
tion of the refractive and absorption indices of the film,
one should solve the transcendent equation (1). To solve
it, the numerical analogue of the diagram method was
used [17].  At  that,  as  shown in  [18],  accounting of  the
phase incursions in the optical wave propagation in non-
uniform absorbing medium allows to describe more pre-
cisely the scattering processes, and, so, to obtain a more
exact solution of the inverse problem.

The relative measurement error of the absorption
coefficient a:

nano-Si nano-Si
2pa k
l

= , (3)

(which is determined by the accuracy of reading of the
incidence angle, polarizer and analyzer azimuths and
estimated from successive measurements of the photo-
voltage) did not exceed the value of 3 %.

Measurement of the spectral dependences was car-
ried out on air at room temperature.

3. RESULTS AND DISCUSSION

AFM-images of the surface of nanocrystalline silicon
film before and after laser annealing are represented in
Fig. 1. As seen, surface morphology after annealing is
significantly changed. In particular, both the sizes of the
surface irregularities (height) and their horizontal sizes
(grains sizes) are changed. Thus, if sizes of the surface
irregularities before annealing were varied in the range
of  0¸9 nm (Fig. 1a), then after annealing surface beco-
mes more smooth, sizes of the surface irregularities are
changed in the range of 0¸2 nm (Fig. 1b).

In Fig. 2 we illustrate the distributions of the grain
sizes for nanosilicon films before and after annealing.

a

b

Fig. 1 – AFM-images of the nanosilicon film surface before (a)
and after (b) laser annealing. Lateral sizes are given in microns,
height – in nanometers
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Fig. 2 – Distribution of the grain sizes in the nanosilicon films
before and after laser annealing

As seen, grain sizes before annealing are changed in
a narrow range and their mean size is equal to 20 nm.
After annealing grains are combined into agglomerates
(Fig. 1b) the sizes of which are changed in a wide range
(Fig. 2). It is known [4-8, 19] that recrystallization of
silicon films takes place under the action of laser irradi-
ation. In this case, three main growth regimes of crystals
can be realized: the regime of partial, almost complete
and complete melting. Analysis of the AFM-images of the
surface of nanosilicon films (shape and sizes of grains-
agglomerates) allows to suggest that melting of silicon
films occurs during laser annealing.

Since nano-Si films are isotropic, it is possible to as-
sume that they will not differ substantially (from the
point of view of polarization characteristics) from a bulk
sample. As seen from the angular dependences (Fig. 3),
behavior of the dependences is similar, they only have
another values of Rp and Rs and shifted position of the
chief angle (the values of the chief angle are ~ 51° for
the SiO2/Si system, while for the nano-Si/SiO2/Si they
are changed from ~ 57° to ~ 54°).

In Table 1 we present the data of the structures de-
termined by the angular dependences of the ellipsomet-
ric parameters.

d, nm

before annealing
after annealing



THE EFFECT OF LASER ANNEALING ON THE SURFACE MORPHOLOGY … J. NANO- ELECTRON. PHYS. 7, 01033 (2015)

01033-3

0.5

0.6

0.7

0.8

0.9

1

10 30 50 70

SiO2–Si
до відпалювання
після відпалювання

r

jin, deg
a

D, deg

jin, deg10 30 50 70

SiO2–Si
до відпалювання
після відпалювання

60

100

140

180

20

b
Fig. 3 – Angular dependences of the ellipsometric parameters
(r = Rp/Rs and D = dRP – dRS) for the nano-Si-SiO2-Si system in
comparison with the SiO2-Si system [4]

Table 1 – Values of the characteristics of different structures
determined by the angular dependences (l = 633 nm)

Structure nano-Si SiO2 Si
SiO2-Si n

k
d, nm

1.54
0.013
101

4.05
0.027

nano-Si-SiO2-Si
before annealing

n
k
d, nm

3.28
0.017

11

1.51
0.011
104

4.04
0.027

nano-Si-SiO2-Si
after annealing

n
k
d, nm

3.57
0.021

10

1.51
0.012
103

4.04
0.027

It is seen that annealing of the nano-Si film leads to
the increase in the refractive (n) and absorption (k) in-
dices. At that, since films of nanocrystalline silicon can
be considered as nanosized crystallites surrounded by the
oxide layers [20], then applying the effective medium mo-
del [21] one can determine the percentage contribution
of the components.

Estimations of the content of the components were
performed by two models: the Maxwell-Garnett [22] and
Bruggeman [23]. According to the Maxwell-Garnet mod-
el which is true in the case when one of the components
is a point inclusion into another, the effective complex
refractive index is calculated as follows:
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where N = n+ik is the complex refractive index; f is the
volumetric filling factor (concentration). The estimated
value of the volumetric concentration of silicon oxide is
32.1 % before annealing and 19.9 % – after annealing.
We note that validity of the Maxwell-Garnett model can
be violated at f > 10 % [21].

Therefore, in order to estimate the percentage of the
oxide, we have used the Bruggeman model, where the

volumetric filling factor is determined from the follow-
ing system [23]
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The estimated value of the volume concentration of
silicon oxide in the Bruggeman model is equal to 29.4 %
before annealing and 18.7 % – after annealing. Such a
decrease in the silicon oxide content in the films after
laser annealing is associated with the change in the na-
nosilicon film structure. In particular, the number and
area of the boundaries in the film decrease during the
formation of grains-agglomerates. Since impurities, in
particular, oxygen, segregate at the grain boundaries,
then decrease in the number of boundaries leads to the
reduction of the oxygen content and, correspondingly,
to the silicon oxide content in the films.

Recovered spectral dependences of the film absorption
coefficient before and after laser annealing compared with
absorption coefficients of Si are represented in Fig. 4.
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Fig. 4 – Spectral dependences of the absorption coefficient (a)
for the nano-Si film in comparison with Si

It is necessary to note that a quasi-periodic structure,
which can appear due to the scattering on separate film
clusters, is absent on the spectral dependences [16]. At
that, laser treatment leads to the shift of the absorption
edge of the nano-Si film towards smaller wavelengths
approximately by 20 nm. As seen, an additional band with
the maximum at 480 nm (for pure silicon maximum is at
440 nm) appears in the absorption spectrum of the nano-
Si film. The same effect of the laser treatment influence
was observed for the transmission spectra of the quartz/
Si, quartz/Si/SiO2 and SiC/Si/SiO2 structures [20]. Shift of
the absorption edge observed in the spectra of nano-Si
correlates with the data of [21], where it is shown that
influence of a powerful laser radiation on thin Si films
on the SiO2 surface leads to the same effect on account
of silicon recrystallization.

4. CONCLUSIONS

1. Experimental investigations have shown that laser
annealing of nanocrystalline silicon films in multilayer
nano-Si/SiO2/Si systems leads to the substantial decrease
in the sizes of surface irregularities and formation of the
grains-agglomerates, whose sizes several times exceed
the initial grain sizes in the films before annealing.

2. Using the angular dependences of the ellipsometric
parameters it is established that silicon oxide content in
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the films decreases after annealing due to the decrease
in the area of grain boundaries during grain growth.

3. Laser annealing leads to the shift of the absorption

edge of nanosilicon films towards smaller wavelengths.
Maximum in the vicinity of 480 nm appears in the ab-
sorption spectrum.
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