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MECHANISMS OF SURFACE
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The thickness dependence of the surface roughness and the grain size of nanosilicon films,
produced by low-pressure chemical vapour deposition, has been found, by using atomic force
microscopy. A correlation between the surface roughness, grain size, and transformation of a
film structure from the equiaxial structure into a fibrous one is established. Possible mecha-
nisms of surface evolution are analyzed.
K e yw o r d s: nanosilicon films, surface roughness, grain growth, mechanism of grain growth,
atomic force microscopy.

1. Introduction

The wide application of polycrystalline silicon films
in microelectronics (in MOS structures and others)
and solar power engineering makes it necessary to
study their structure. It is so, because the latter is
responsible for all film properties important from the
viewpoint of their practical application [1–4].

Defects of the crystal structure of silicon films are
known to considerably influence the efficiency of solar
cells [2,3]. In particular, the character of a defect film
structure governs the uniformity of the doping impu-
rity distribution in them and, accordingly, the sta-
bility of photogeneration properties of the films and
determines the effective ways for the charge carrier
transport. Therefore, from the viewpoint of enhanc-
ing the efficiency of silicon materials, the researches
aimed at improving the film structure are actual.

The structure of silicon films, depending on depo-
sition conditions and subsequent technological treat-
ments, was studied in works [5–14] in detail. Various
structural modifications of the films were revealed –
namely, equiaxial, fibrous, and dendritic – and condi-
tions of their existence were determined [5]. In addi-
tion, the mechanisms of normal and abnormal grain
growth in the films under annealing were found [5–7],
and the phase modifications in films with fibrous and
dendritic structures were studied [8, 9]. A significant
attention was paid to researching the grain bound-
ary structure of silicon films, in particular, the grain
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boundary faceting and the faceting of tips of twin
plates in the interior of grains under annealing [10–
13]. With regard for the practical applications of sili-
con films in microelectronics, the influence of the type
of their structure on the oxidation processes in them
were studied [14]. Almost all mentioned researches of
a silicon film structure concern films 500–2000 nm in
thickness, because just such films are used in micro-
circuit components.

However, the structure of nanocrystalline silicon
films remains almost not studied. Only in work [15],
the influence of the annealing on a microstructure of
undoped polysilicon films 50 nm in thickness was ana-
lyzed. It was found that, depending on the annealing
temperature, grain growth occurs through nondiffu-
sive processes (glide of grain boundary dislocations)
or diffusive processes (climb of grain boundary dislo-
cations).

This work aims at researching the mechanisms of
surface evolution in undoped nanocrystalline silicon
films, as well as their dependence on the film thick-
ness, by using the atomic force microscopy (AFM)
methods.

2. Experimental Technique

Nanocrystalline silicon films were produced by low-
pressure chemical vapour deposition from a silane/ar-
gon mixture. Single-crystalline silicon wafers with a
SiO2 oxide layer about 100 nm in thickness were used
as substrates. The deposition temperature was equal
to 630 ∘C. The thickness of silicon films varied from
10 to 100 nm.
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Fig. 1. AFM topographic images of the surfaces of nanosilicon films with various thicknesses: 10 (a), 50 (b), 70 (c), 75 (d), 85
(e) and 100 nm (f)

The film surface was studied by means of AFM.
The film surface images were obtained using a scan-
ning atomic force microscope NanoScope IIIa in the
periodic contact mode (Tapping mode) with a silicon
probe of 10 nm edge radius.

3. Results and Their Discussion

Our previous transmission electron microscopy
(TEM) and AFM researches showed that nanosili-
con films have a homogeneous fine-grain structure,
which does not change if the film thickness grows,
whereas the surface undergoes considerable modi-
fications [16]. Fine grains combined in large grain
agglomerates, which form hillocks on the film sur-
face. AFM researches showed that both the height
and the horizontal size (the grain size|) of the hillocks
change substantially, as the film thickness increases.

The two-dimensional AFM topographic images
(Fig. 1) testify that the film thickness growth is ac-
companied by a modification of the film grain bound-
ary structure and a considerable growth of the dimen-

sions of grain agglomerates (hillocks). For instance,
for a nanosilicon film 10 nm in thickness, the average
grain size amounts to 24 nm, whereas this parame-
ter for a film 100 nm in thickness reaches a value of
195 nm. The dependence of the average grain size on
the film thickness is plotted in Fig. 2. One can see
that, for films with the equiaxial structure (at a film
thickness less than 70 nm), a moderate growth of the
average grain size is observed. After the transition to
the fibrous structure (at a film thickness of more than
70 nm), a considerable growth of the average grain
size takes place.

The process of grain growth in nanocrystalline ma-
terials has specific features that distinguish it from
the grain growth in coarse-grained polycrystals [17].
In polycrystals, the grains usually grow following
the standard mechanism, by means of the migration
of grain boundaries and their merging (coalescence)
[17]. Those processes result in an increase of the av-
erage grain size and a reduction of the number of
grains in the polycrystal. The grain growth through
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the migration and the merging of grain boundaries
is usually considered as a unique mechanism of grain
growth in coarse-grained polycrystals. The difference
between the processes of grain growth in nanocrys-
talline materials and in ordinary polycrystals is asso-
ciated with specific structural features of nanocrys-
talline materials, in particular, nanoscopic grain sizes
and high densities of grain boundary ensembles and
grain boundary triple junctions. Those structural fea-
tures are responsible for the efficiency of the follow-
ing factors that affect the grain growth [17]: (i) the
inhibitory effect of triple junctions on the migration
of grain boundaries, (ii) excess free volume as a re-
sult of the high density of ensembles of grain bound-
aries and their triple junctions, (iii) stabilization of a
nanocrystalline structure owing to the elastic interac-
tion responsible for the formation of low-energy de-
fect structures in nanoscopic grain boundaries, (iv) a
high average energy density (per unit volume) in the
nanocrystalline material, which is connected with a
considerable number of ensembles of grain boundaries
and their triple junctions, and (v) the grain growth
by means of the crystal lattice rotation in nanoscopic
grains. The latter mechanism is connected with rota-
tions of the crystal lattice in grains, which results in
the disappearance of grain boundaries and the merg-
ing of neighboring grains. It should be noted that the
indicated factors take place in coarse-grained poly-
crystals as well. However, their action in polycrystals
is usually not pronounced and efficient.

The distributions of grain sizes in nanosilicon films
with various thicknesses, which were determined from
AFM topographic images, are depicted in Fig. 3. One
can see that, for films 50 nm in thickness, the distri-
bution has a one-mode character (Fig. 3, a). For a
film thickness of 70 nm, the distribution has a two-
mode character (Fig. 3, b). If the film thickness equals
85 nm, three maxima are observed in the distribution
(Fig. 3, c). It is worth noting that the peak in Fig. 3, a
corresponds to a grain size of 22 nm. In Fig. 3, b, the
second peak appears, which corresponds to 44 nm. In
Fig. 3, c, three peaks are observed at 30, 60, and
90 nm. It is evident that the maxima observed in
Figs. 3, b and 3, c correspond to the increase of the
grain size by a factor of two and three, respectively,
in comparison with the initial one (Fig. 3, a). This
fact testifies in favor of the mechanism of grain size
growth by means of the rotation of grain’s crystal lat-
tice [17]. The reduction in the energy of grain bound-

Fig. 2. Dependence of the average grain size on the nanosili-
con film thickness
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Fig. 3. Grain size distributions for films with various thick-
nesses
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Fig. 4. Dependence of the surface inhomogeneity size on the
average grain size in nanosilicon films

aries, when the parameters of a disordering change,
is a driving force for rotations of the crystal lattice
in grains. The rate and the geometrical parameters
of a lattice rotation are governed by the grain bound-
ary diffusion and the processes of dislocation transfor-
mations at the grain boundaries. In particular, if the
grain sizes decrease, the crystal lattice rotations gov-
erned by the grain boundary diffusion become more
intense [17]. The rotation of the crystal lattice in a
grain results in the disappearance of the grain bound-
ary and the merging of neighboring grains. So, this
is a micromechanism of grain growth, which is al-
ternative to the standard micromechanism of grain
growth through the migration and the merging of
grain boundaries.

The dimensions of surface roughness and grains are
known to be related to one another. The researches
on metal films, in particular, Au films, showed that
the evolution of surface roughness is accompanied by
changes in both the orientations and the average sizes
of grains [18]. In this case, one may observe either an
increase or a reduction of the surface roughness sizes,
as the grain sizes grow. In particular, while studying
Au films at the annealing, it was found that, at low
annealing temperatures, the sizes of surface roughness
decrease, as the grain sizes increase. If the tempera-
ture and the grain sizes grow further, the dimensions
of roughness remain constant and start to increase
at sufficiently high temperatures. This character of
the evolution of the structure and the morphology of
the film surface results from a competition between
two factors responsible for structural modifications,
namely, the mobility of grain boundaries and the sur-

face diffusion. The mobility of grain boundaries pre-
vails at low temperatures, whereas the surface diffu-
sion is responsible for the adjustment of a surface mi-
crorelief in correspondence to the grain sizes at high
temperatures.

For nanosilicon films, the dependence of the sur-
face inhomogeneity dimensions on the average grain
size is plotted in Fig. 4. The growing character of this
dependence testifies that the surface diffusion is the
mechanism of surface evolution.

4. Conclusions

(i) As the thickness of undoped nanocrystalline silicon
films grows from 3 to 100 nm, the sizes of surface
roughnesses increase, as well as the grain sizes.

(ii) A drastic growth in the dimensions of microre-
lief roughness on the film surface and in the grain
size at film thicknesses larger than 70 nm correlates
with the change of the film structure type from the
equiaxial type to a fibrous ones.

(iii) Rotation of the crystal lattice of grains is the
mechanism of grain growth with increasing the film
thickness.

(iv) Surface diffusion may be a probable mecha-
nism of surface microrelief modification, as the film
thickness increases.

1. J.J. Chang, T.E. Hsieh, Y.L. Wang, W.T. Tseng, C.P. Liu,
and C.Y. Lan, Thin Solid Films 472, 164 (2005).

2. S. Mukhopadhyay, Thin Solid Films 516, 6824 (2008).
3. J.K. Rath, Sol. Energy Mater. Sol. Cells 76, 431 (2003).
4. A.A. Goloborodko, M.V. Epov, L.Y. Robur, and T.V. Ro-

dionova, J. Nano Electron. Phys. 6, 02002 (2014).
5. N.G. Nakhodkin and T.V. Rodionova, Phys. Status So-

lidi A 123, 431 (1991).
6. N.G. Nakhodkin and T.V. Rodionova, J. Cryst. Growth

171, 50 (1997).
7. V.G. Kobka, N.G. Nahodkin, and T.V. Rodionova, Kristal-

logr. 33, 1207 (1988).
8. N.G. Nahodkin, N.P. Kulish, and T.V. Rodionova,

Poverkhn. Rentgen. Sinkhrotron. Neitron. Issled. 6, 19
(2003).

9. N.G. Nakhodkin, N.P. Kulish, T.V. Rodionova, and
A.M. Strutinsky, J. Cryst. Growth 208, 297 (2000).

10. N.G. Nakhodkin, N.P. Kulish, P.M. Lytvyn, and T.V. Ro-
dionova, Funct. Mater. 13, 305 (2006).

11. N.G. Nahodkin, N.P. Kulish, and T.V. Rodionova,
Nanosist. Nanomater. Nanoteknnol. 2, 793 (2004).

12. N.G. Nakhodkin, N.P. Kulish, and T.V. Rodionova, Phys.
Status Solidi A 207, 316 (2010).

168 ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 2



Mechanisms of Surface Evolution

13. N.G. Nakhodkin, N.P. Kulish, and T.V. Rodionova,
J. Cryst. Growth 381, 65 (2013).

14. N.G. Nakhodkin and T.V. Rodionova, Surf. Interface Anal-
ysis 18, 709 (1992).

15. N.G. Nahodkin, N.P. Kulish, and T.V. Rodionova, Ukr.
Fiz. Zh. 42, 182 (1997).

16. M.G. Nahodkin, M.P. Kulish, P.M. Lytvyn, T.V. Rodi-
onova, and A.S. Sutyagina, Visn. Kyiv. Univ. Ser. Fiz. Mat.
Nauky 1, 285 (2012).

17. I.A. Ovid’ko, Mater. Phys. Mechan. 8, 174 (2009).
18. M.J. Rost, Phys. Rev. Lett. 91, 1 (2003).

Received 22.10.2014.
Translated from Ukrainian by O.I. Voitenko

М.Г.Находкiн, Т.В. Родiонова, А.С.Сутягiна

МЕХАНIЗМИ ЕВОЛЮЦIЇ
ПОВЕРХНI ПРИ РОСТI НЕЛЕГОВАНИХ
НАНОКРЕМНIЄВИХ ПЛIВОК

Р е з ю м е

Методом атомної силової мiкроскопiї дослiджено вплив тов-
щини нелегованих нанокремнiєвих плiвок, що отриманi ме-
тодом хiмiчного осадження в реакторi зниженого тиску, на
характеристики їх поверхневого мiкрорельєфу. Встановле-
на кореляцiя мiж зростанням розмiрiв неоднорiдностей мi-
крорельєфу поверхнi плiвок та змiною типу структури плi-
вок вiд рiвноосьової до волокнистої. Проаналiзовано iмовiр-
нi механiзми еволюцiї поверхнi нанокремнiєвих плiвок.
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