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Defect — deformation nanometer self-organisation

upon laser recrystallisation

of thin amorphous films on substrates

V.I. Emel’yanov, K.I. Eremin, A.A. Sumbatov

Abstract. A hidden hexagonal order in the arrangement of
nanometer crystal grains formed upon laser recrystallisation
of thin films of amorphous silicon on a substrate is experi-
mentally found. The hexagonal ordering of the grains and the
extremal dependence of the grain size on the laser pulse
energy density are described within the framework of the
cooperative defect—deformation mechanism of laser recrys-
tallisation.
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1. Recrystallisation of thin (10—100 nm) «-Si films on
substrates produced by an excimer laser was extensively
studied as a possible method for preparation of thin-film
transistors and integrated circuits [1]. This process is
characterised by the extremal dependence of the crystal
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Figure 1. Experimental (squares) and theoretical (curve) dependences of
the crystalline grain size d on the laser-pulse fluence F for B=
OKem’ml]™, C=20Tmol”' K™, L,=5x10*Tmol™", C, =
350 nm, C, = 520 nm, Ty, = 2.7 x 10° K (these and other parameters
are defined in the text).
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grain size d on the laser pulse fluence F, which has three
qualitatively different regions (Fig. 1). The crystallisation
models [2—4], which are based on the concept of the
individual nucleation and growth of each of the grains, can
qualitatively explain only some of the parts of the
experimental curve in Fig. 1. All these models assume a
random spatial distribution of the grains. In this paper, we
found experimentally for the first time that the arrangement
of the crystal grains has a hidden long-range quasi-
hexagonal order (Fig. 2). We proposed a new (cooperative)
defect—deformation (DD) mechanism of nucleation of
crystal grains upon laser recrystallisation, which explains
this fact and describes all the three parts of the curve in
Fig. 1.
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Figure 2. TEM photograph of a part of the «-Si film after irradiation by
an obliquely incident laser pulse when a laser spot on the film surface has
the shape of ellipsoid (the laser fluence is F = 580 mJ cm™2) (a) and the
smoothed amplitude |F(k,, k,)| of the Fourier spectrum of this TEM
photograph (b). The brighter regions correspond to the greater values of
|F(ky, k,)|. The Fourier spectra of photographs obtained for other laser-
pulse fluences are similar.
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2. We irradiated by a laser the z = 0 surface of a three-
layer sample, which consisted of a o-Si : H film (0 < z < 7,
h=0.04 pm), a buffer SizN, layer (h<z<h+ H, H=
0.15 um), and a glass substrate of thickness 0.5 mm (z >/
+H). The size of a o-Si crystal grain before irradiation was
of about 7 nm. The irradiation was performed under normal
ambient conditions by single 248-nm pulses from an excimer
laser. The pulse FWHM duration was 7 ns and the fluence
was 50—700 mJ cm 2. The cross section of the laser beam
was 5 x 10 mm.

The extremal dependence of the grain size on the laser
energy density obtained by us is shown in Fig. 1. It is
described by the DD mechanism of laser recrystallisation of
thin amorphous films, which consists in the following.
Consider a fine-grained (amorphous) semiconductor film
on a substrate, with grain boundaries formed by dislocation
walls [5]. Irradiation by a laser pulse of duration 7, with the
fluence F causes the melting of a surface layer of thickness

7(0) —Lm/C} “h

hy =I71n [
m

where I7 = (o rp)l/ % is the thermal diffusion length; y is
the effective thermal diffusivity of a three layer substrate;
T, is the melting temperature of the o-Si film; L, and C are
the specific melting heat and the specific heat of «-Si,
respectively; 7(0) = BF is the temperature on the z=10
surface; and B is a coefficient.

The melting of dislocation walls results in the formation
of local aggregates of excess mobile atoms, which are
rearranged along the film to produce after solidification
a spatially homogeneous concentration n;, of interstices,
which does not depend on F. A near-surface layer enriched
with interstices can be treated as a ‘film’ of thickness /7,
which is rigidly attached to the lower part of a sample. It
was shown in paper [6] that, when the concentration #;, of
interstices exceeded the critical concentration n., a DD
instability was developed in the film accompanied by the
formation of the relief modulation grating {(r,?) = {,x
exp (igr + A41) + c.c (where {(r, ) is the local displacement
of the surface along the z axis, the condition { > 0 corres-
ponding to the relief trough; ¢ is the grating vector; and 4, is
the grating growth rate). The interstices are accumulated in
the projections of this relief, and the deformation grating

Ert)=[z— (h/Z)]qZCq exp(igr + A41) +c.c. (1)

also appears.
3. The dependence of the growth rate 4, of the DD
grating on its wave number has a maximum at [6]

4= qm = 3vBhy ' nig /1. 2)

Here, v = (1 — 20)/(1 — 0); o is the Poisson coefficient; § =
et /clz; ¢; and ¢, are the longitudinal and transverse sound
speeds, respectively; n, = pciky T/ 0% p and T are the
density and temperature of the o-Si film; and 6; is the
dilatation potential of the interstices in the film. The period
of the dominating DD grating is A = 2n/qy,.

Because the local crystallisation rate of o-Si depends
exponentially on the local deformation [7], taking into
account (1), we obtain that a spatially periodic distribution
of crystal grains with the period 4/2 is formed in the film of
thickness /,,,. Alternatively, such a distribution of grains can

be formed because periodic aggregates of defects in the DD
grating serve as the nucleation centres for crystal grains. The
crystal grain size in this case is d=e¢A/2, where the
coefficient ¢ < 1. By substituting expression (2) into the
expression for the period of the dominating DD grating, we
obtain the dependence of the grain size on F:
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where C; = const. This dependence well reproduces the
experimental dependence in the region Fy < F < Foax,
where Fy, =B (T, + L., /C) is the threshold melting
fluence for the o-Si film; and F,,,, is the fluence at which
the dependence d(F) has a maximum (Fig. 1).

For F = F,,y, the regime of formation of the periodic
DD structure in a three-layer sample drastically changes.
This is caused by the achievement of the thermal decom-
position temperature of SisNy (7= 1900 K) on the z=1#
surface of the buffer film. Because the o-Si film is melted
over its entire thickness to this instant, the thermal decom-
position results in the efficient injection of an impurity from
the Si;Ny surface (z = /) to the o-Si film. For F > F,,, the
wave number ¢, is still determined by expression (2), where
now hy, = h+ H = const, and the average concentration of
defects (injected impurity) is determined by the expression
nyg = nig(T) = anexp (— E/kgT), where n is the concentra-
tion of atoms in Si3Ny; E is the activation energy of the
thermal decomposition of the SisNy surface; o < 1 is the
coefficient taking into account a decrease in the average
impurity concentration compared to its value at z = /. By
representing the temperature on the z =/ surface in the
form T = Ty, + B(F — Fp,,) and expanding the exponent
in the expression for 7; into a series in powers of F — F ..,
we find the dependence of the crystal grain size on the pulse
energy density

 emng(H + h) exp | — EB(F — Fpax)
- 3Vﬁni0(Tmax) kB Trrzlax

EB(F — Fyy) ] |

where C, is a constant. The latter equality is valid in the
approximation n, = const. For the value E/kg = 1900 K
corresponding to the activation energy of sublimation of
SisNy [8], the obtained dependence d(F) well reproduces
the experimental dependence in the region Fp,, < F < F,
where F, is the fluence at which grains with a constant size
d, independent of F, begin to form (see Fig. 1).

For F = F_, the wave number ¢, of the dominating DD
grating achieves the limit value ¢.=mn/(h+ H) in the
spectrum of bending modes [6]. For F > F,, the maximum
A4 of the growth rate of the DD grating shifts to the region
dm > q., but for all F > F_ the same DD grating is realised
with ¢ = ¢, and the period 2n/q. = n/(h + H). According to
the DD model, the grain size d in the region F > F, should
remain constant and equal to ¢4/2 = ¢(h + H). This pre-
diction corresponds, for ¢ = 0.5, the experimental depen-
dence d(F) in the region F > F_ (Fig. 1).

4. A nonlinear computer analysis [9] of the film DD
model [6] showed that due to the DD instability a stationary
hexagonal periodic DD structure is formed on an isotropic
surface, which should determine the symmetry and perio-



Defect —deformation nanometer self-organisation upon laser recrystallisation of thin amorphous films on substrates

dicity of the spatial arrangement of crystalline grains in the
film.

To verify the prediction of a long-range hexagonal order
in the grain arrangement, we performed the computer two-
dimensional Fourier transform of the digitised image of the
irradiated film morphology obtained with a transmission
electron microscope (Fig. 2a). The smoothed amplitude
|F(k,, k,)| of the Fourier spectrum is shown in Fig. 2b.
The most interesting feature of the spectrum is the presence
of three pairs of intense maxima. Each of the pairs located
symmetrically with respect to the centre of an ellipsoid on a
line passing through its centre corresponds to a grating of
the local surface brightness of the film image, i.e., to the
grain grating. Therefore, the picture in Fig. 2a is formed by
three groups of grain gratings with the wave vectors ¢ that
are approximately equal in modulus and are directed at
certain angles to each other, which corresponds to the
presence of the hidden long-range hexagonal order in the
grain arrangement.
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