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Abstract
Size-controlled nanocrystalline silicon (nc-Si) has been prepared from a-
SiNx /a-Si:H/a-SiNx (‘a’ standing for amorphous) structures by thermal
annealing. Transmission electron microscope analyses show that the lateral
size of the nc-Si is controlled by the annealing conditions and the a-Si sublayer
thickness. The deviation of the nc-Si grain size distribution decreases with the
a-Si sublayer thickness, so thinner a-Si sublayers are favourable for obtaining
uniform nc-Si grains. In the a-Si:H (10 nm) sample annealed at 1000 ◦C for
30 min, an obvious bi-modal size distribution of nc-Si grains appears, but no
obvious bi-modal size distribution is found in other samples with thinner a-Si:H
sublayers. On the basis of the experimental results, we discuss the process of
transition from the sphere-like shape to the disc-like shape in the growth model
of the nc-Si crystallization. The critical thickness of the a-Si sublayer for the
constrained crystallization can be determined by the present model. Moreover,
the increase of the crystallization temperature in the ultrathin a-Si sublayer is
also discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Room temperature light emission from silicon has been shown to be possible when Si is in the
form of a low-dimensional system [1–4]. Low-dimensional systems, such as nanocrystalline
silicon (nc-Si), are currently being studied to identify new applications in both nanoelectronic
and photoelectronic devices [5]. A key issue is control of the grain size and the grain size
1 Author to whom any correspondence should be addressed.
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distribution (GSD) [6]. Recent studies revealed that the nc-Si size could be controlled by the
sublayer thickness in multilayers [7, 8]; this was based on the constrained growth of nc-Si
when the a-Si layer thickness was ultrathin (<10 nm). The process of nucleation and growth
of nc-Si from the amorphous phase in an ultrathin layer by laser or thermal annealing is quite
different from that for bulk silicon. Until now, the mechanism of crystallization of a-Si in
ultrathin layers has not been fully understood [9]. In addition, the crystallization temperature
increased extraordinarily with decrease in the a-Si sublayer thickness [10, 11]. How can one
explain this extraordinary crystallization phenomenon? The previously reported model for
nc-Si growth was derived from the Gibbs free energy of a crystallite between two interfaces
according to the classical nucleation theory. The halt in growth of nc-Si occurred when the
gradient of the free energy change was positive, but this finding is only qualitative and there is
a lack of exact experimental data on the interfacial free energy [12].

In our previous work, a method of laser-induced constrained crystallization of ultrathin
a-Si:H sublayers within a-SiNx /a-Si:H multilayers was adopted to fabricate nc-Si grains
[13, 14]. Visible and stable photoluminescence [15] and electroluminescence [16] have been
observed at room temperature from the nc-Si grains prepared by this method.

In this paper, we focus on the influence of the thermal annealing conditions and the a-
Si sublayer thickness on the size and shape of the nc-Si. We modify Tagami and Persans’
model [12, 17] of nucleation and growth of nc-Si, and discuss quantitatively the effects of the
interface and shape of the nc-Si on the crystal growth in relation to the Gibbs free energy.

2. Experiments

The a-SiNx /a-Si:H/a-SiNx samples were deposited on substrates of quartz at 250 ◦C by a
computer-controlled plasma-enhanced chemical vapour deposition (PECVD) system. During
the deposition, the SiH4 gas was decomposed with a rf power of 30 W to fabricate amorphous
silicon. The a-Si:H sublayer thicknesses were 4, 7 and 10 nm. Insulating a-SiNx :H was
made from a gas mixture consisting of NH3/SiH4 = 5 (volume ratio), and the a-SiNx :H
sublayer thickness was kept to 30 nm. The crystallization of samples was performed by
furnace annealing at 1000 ◦C in a N2 atmosphere for 30 or 120 min. The microstructures of the
samples after thermal annealing were investigated by planar and cross-section transmission
electron microscope (TEM) measurements.

3. Results

Figure 1 presents the planar dark-field (DF) TEM micrographs and the corresponding GSDs
of a-Si:H (4 nm), a-Si:H (7 nm) and a-Si:H (10 nm) samples annealed at 1000 ◦C for 30 min.
The nucleation sites of the nc-Si grains are random. From figures 1(d)–(f), the average grain
sizes of a-Si:H (4 nm), a-Si:H (7 nm) and a-Si:H (10 nm) samples are 5.0 ± 2.5, 8.0 ± 3.5
and 10.3 ± 6.5 nm, respectively. It is seen that the deviation of the nc-Si GSD decreases with
the a-Si sublayer thickness, so thinner a-Si sublayers may be favourable for obtaining uniform
nc-Si grains. The longitudinal size of the nc-Si is equal to the a-Si sublayer thickness, because
the a-SiNx sublayer can prevent nc-Si grains from growing. From the GSDs, the maximum
lateral size of nc-Si is about double the a-Si sublayer thickness. Therefore, the larger nc-Si
grains can be regarded as having a disc-like shape. In addition, we found the obvious bi-
modal size distribution shown in figure 1(f), but no bi-modal distribution in other samples. In
fact, the bi-modal size distribution corresponds to two growth stages of nc-Si [18]. The size
distribution of the larger grains corresponds to nucleation and growth of nc-Si in the first stage.
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Figure 1. Planar TEM micrographs of the samples annealed at 1000 ◦C for 30 min, and the
corresponding GSDs; (a) a-Si:H (4 nm); (d) the GSD of (a); (b) a-Si:H (7 nm); (e) the GSD of (b);
(c) a-Si:H (10 nm); (f) the GSD of (c).
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Figure 2. (a) A planar TEM micrograph of the a-Si:H (7 nm) sample annealed at 1000 ◦C for
120 min; (b) the corresponding GSD.

After nucleating, the nc-Si grains will grow to the bigger size due to the lower grain density in
the first stage. When an nc-Si grain has grown to a certain size, its growth will be constrained
by the interface; then the new nc-Si nuclei will appear. In this growth process, the latter nuclei
will be affected by the former nc-Si grains. The latter grains only exist in the space between
the former grains, so they are smaller than those formed in the first stage. The size distribution
of the larger grains may be close to the thermodynamic equilibrium state. In the thicker a-Si:H
sublayer (10 nm), the space between grains formed in the first stage is much bigger than that
in the thinner a-Si:H sublayer, so there is enough space for the new nc-Si grains to nucleate
and grow. Due to the lack of space, stress field and interface, it is difficult for the nc-Si grains
to nucleate and grow in the ultrathin film, and only one size distribution exists.

Figure 2 presents the planar DF TEM micrograph and the corresponding GSD for a-Si:H
(7 nm) sample annealed at 1000 ◦C for 120 min. The average grain size is 9.5 ± 2.8 nm. Here
no obvious bi-modal size distribution appears. Comparing figure 2(b) with figure 1(e), we
see that the average grain size of nc-Si increases with the annealing time, but the maximum
lateral sizes of the nc-Si for these two samples are both 12.3 nm. This indicates that the nc-Si
grains grow to a certain size, then stop growing. This phenomenon reflects the characteristic
of constrained growth of grains in the ultrathin layer. Here, we may consider the maximum
lateral size of nc-Si to be the thermodynamic equilibrium size.

Figure 3 shows a cross-section TEM image of the a-Si sublayer in which the lattice fringe
of a nc-Si grain is observed. The nc-Si grain with clear {111} lattice planes is embedded in the
a-Si matrix. According to the cross-section and planar TEM images, the larger nc-Si grains
must be disc-shaped.

4. Growth model

How do we explain the constrained growth of nc-Si? According to the above experimental
results, the processes of nucleation and growth of nc-Si can be schematically described as
in figure 4(a). The nc-Si grain is changed from the sphere-like shape to the disc-like shape.
This model is fairly suitable for the crystallization of the ultrathin a-Si sublayer with the lower
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Figure 3. A cross-section TEM image of the a-Si sublayer.
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Figure 4. (a) The scheme for the processes of nucleation and growth of nc-Si. (b) The cross-section
shape of the larger nc-Si grains.

grain density since there is low crystallinity and less agglomeration of nc-Si grains in this
case. Otherwise, the grains start to touch each other and grow into a brick-like shape [8, 19].
The change of the grain shape from sphere-like to disc-like is supported by the cross-section
TEM images, as shown in figure 3. When the grain shape becomes disc-like, the energy of
the interface between nc-Si and a-SiNx appears; this increases the growth free energy of nc-Si
and finally causes the growth to halt. Therefore, we discuss nc-Si growth on the based of the
grain shape and the interfacial energy.

The free energy change accompanying the formation of a spherical crystallite in the
amorphous layer, �G1, is given by

�G1 = − 4
3πr3 �Gac + 4πr2σac (1)

where r is the radius of the crystallite. �Gac is the free energy change per unit volume
in the amorphous-to-crystalline phase transition, which can be determined from the specific
heat difference between amorphous and crystalline silicon [20]. �Gac at 1000 ◦C is about
8.85 eV nm−3 (0.177 eV/atom). σac (∼1.46 eV nm−2 or 0.1075 eV/atom) is the interfacial
free energy per unit area for the interface between amorphous and crystalline Si [21]. As the
spherical nc-Si grains start to come into contact with the a-SiNx sublayer, the crystallites may
be presumed to be disc-like grains, as shown in figure 4(b). The free energy change of the



10088 L Zhang et al

r2
r
1d/2

∆G

∆G

∆G

∆G

T2

T1

c

rc

0

 (
 e

V
 )

 

r ( nm ) 

Figure 5. A schematic diagram of the free energy change of nc-Si accompanying the crystallization
process.

disc-like grains, �G2, can be expressed as

�G2 = −V �Gac + S1σac + S2(σcN − σaN ) (2)

where V is the volume of the disc-like grains: V = πd3/6 + πdr2
0 + π2r0d2/4; S1 and S2

are the surface areas of the disc-like grains: S1 = 2πr2
0 , S2 = π2d2/4 + 2πdr0; d is the a-Si

sublayer thickness; r and r0 are shown in figure 4(b). σcN is the free energy of the interface
between the nc-Si and a-SiNx per unit area and σaN is the free energy of the interface between
a-Si and a-SiNx per unit area.

5. Discussion

Using the above growth model of nc-Si, we first analyse the constrained growth of nc-
Si qualitatively. Figure 5 shows schematically the free energy change of the nc-Si grains
accompanying the growth process. From equations (1) and (2), the free energy change of nc-Si
is �G1 when r < d/2, while the free energy change of nc-Si is �G2 when r > d/2. According
to the previously reported model [12, 17], the growth halt for nc-Si occurs when ∂ �G(r)/∂r
is positive. From the thermodynamic theory, we can estimate whether the continuous growth
of the grain needs external energy by �G(r) rather than ∂ �G(r)/∂r . In fact, the nc-Si grains
can grow continuously when �G(r) < 0. Therefore, �G(r) can be considered as a criterion
for constrained crystallization in our present model of nc-Si growth. In this paper, we mainly
study the thermodynamic equilibrium process of the constrained growth of nc-Si, and the halt
in growth of nc-Si always occurs when r > d/2, so our present model is suited to this case
because its results agree with the experimental results.

The free energy change is difficult to measure directly, but it can be estimated by the energy
needed for a-Si crystallization. When the external energy caused by improving the temperature
is lower than the crystallization energy needed, the halt in growth of nc-Si will occur. Here, the
external energy �GT may be tentatively estimated in accordance with Boltzmann’s law [22].
The dependence on the external energy �GT of the annealing temperature T is described as
follows:

�GT = ckT (3)
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Figure 6. The free energy change dependence of the nc-Si grain radius at various thicknesses of
a-Si sublayers.

where c is a constant and k is Boltzmann’s constant. In the disc-like nc-Si growth process, the
free energy change of nc-Si increases with the interfacial free energy. When the free energy
change �G2 reaches the external energy �GT , the nc-Si grains will stop growing. As shown
in figure 5, nc-Si grains with maximum lateral radii of r1 and r2 require the external energies
�GT 1 and �GT 2, respectively. The thermodynamic equilibrium size of nc-Si increases with
the annealing temperature.

In order to analyse quantitatively the constrained crystallization of nc-Si in relation to
the Gibbs free energy, �Gac, σac and �σ (here, �σ = σcN − σaN ) must first be determined
from equation (2). �Gac and σac are available, but the increment of the free energy of the
interface between nc-Si and a-SiNx , �σ , is unknown. Here, we try to use our experimental
results to calculate the �σ value. In the thermodynamic equilibrium state, the free energy
change �G2 is equal to the external energy �GT , and the grain size has reached the maximum
size. At the annealing temperature of 1000 ◦C, �G2 and �GT remain constant. According to
equation (2), we may choose two experimental results to determine the �σ value. Here, the
maximum lateral size of nc-Si is used to replace the thermodynamic equilibrium size. From
the statistical results in figure 1, when the a-Si sublayer thickness d is 4 nm, r0 is 1.8 nm; when
d is 10 nm, r0 is 4.0 nm. From equation (2), the value of �σ is 151.1 eV nm−2. �σ is much
bigger than σac, so the free energy of the interface between nc-Si and a-SiNx may play an
important role in the nc-Si growth process. It is difficult for nucleation to occur at the interface
between the a-Si:H sublayer and the a-SiNx sublayer due to the bigger interfacial free energy;
thus the nucleation of nc-Si can only occur within the a-Si sublayer, which agrees with our
present model, as shown in figure 4(a).

Now, the free energy change of the nc-Si growth can be calculated quantitatively using
�σ . Figure 6 shows the free energy change dependence of the nc-Si grain radius r (here,
r = r0 + d/2) at various thicknesses of a-Si sublayers. From equation (2), �G2(r) is a
parabolic function of r . When −πd �Gac + 2π �σ = 0, �G2(r) is a line. Then, a threshold
thickness d0 of the a-Si sublayer can be obtained:

d0 = 2 �σ/�Gac. (4)
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Here, the threshold thickness is about 34 nm. When the thickness of the a-Si sublayer d < d0,
�G2(r) is an upward parabolic function, and the free energy change of the nc-Si grain increases
with the nc-Si grain size. While d > d0, �G2(r) is a downward parabolic function, and the
free energy change decreases rapidly with increasing grain size. Therefore, the threshold
thickness d0 can be considered as the critical thickness of the a-Si sublayer where the growth
of nc-Si can be constrained and stopped thermodynamically. In other words, the constrained
crystallization of a-Si:H may only occur when the a-Si sublayer thickness is below d0.

The a-Si sublayer thickness also plays an important role in the constrained crystallization,
as we see from figure 6. As the nc-Si lateral radius is r ′, as shown in figure 6, the free
energy change of the nc-Si growth �G2(r) will increase gradually with decreasing a-Si
sublayer thickness; then the external energy needed for the nc-Si growth and the crystallization
temperature will also increase with decreasing a-Si sublayer thickness. When the a-Si sublayer
is thinner, the surface/volume ratio of the grains will increase, so the interfacial free energy
will be much more important to the nc-Si growth. From above analyses, we found that the
extraordinary increase of the crystallization temperature in the ultrathin a-Si sublayer is mainly
caused by increasing the interfacial free energy. Once the nc-Si grain has grown to a certain
size and the free energy change �G2(r) has become bigger than the external energy �GT , the
halt in growth of nc-Si in the a-Si sublayer will occur in the lateral direction. On the basis of
the mechanism of the constrained growth of nc-Si, we may control the nc-Si sublayer thickness
and the annealing conditions to prevent nc-Si grains from growing; then size-controlled and
uniform nc-Si grains will be obtained.

6. Conclusions

Size-controlled nc-Si can be prepared from a-SiNx /a-Si:H/a-SiNx structures by thermal
annealing. The lateral size of the nc-Si is controlled by the annealing conditions and the a-Si
sublayer thickness. The deviation of the nc-Si GSD decreases with the a-Si sublayer thickness,
so thinner a-Si sublayers are favourable for obtaining uniform nc-Si grains. The maximum
lateral grain size of nc-Si is about double the a-Si sublayer thickness,and it is the critical size for
the nc-Si growth being halted thermodynamically. The mechanism of the constrained growth of
nc-Si has been studied in accordance with the classical thermodynamic theory. The interfacial
free energy will increase and become much more important to the nc-Si growth with decreasing
a-Si sublayer thickness. The extraordinary increase of the crystallization temperature in the
ultrathin a-Si sublayer is mainly caused by increasing interfacial free energy. In addition, the
critical thickness of the a-Si sublayer for the constrained crystallization can be determined
from our present model.
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