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Abstract

In pyrolytic laser-CVD of silicon and carbon, bistable growth with a pronounced hysteresis was observed within certain
regimes of scanning velocities and laser powers. In order to study the influence of changes in heat conductivities and
activation energy, we have deposited onto different substrate materials silicon from SiH, and Si,H, and carbon from CH,,

C,H,, and C,H,.

PACS: 42.60; 81.15; 82.00

1. Introduction

Laser direct writing is a single step technique for
surface micropatterning [1]. Here, periodic structures
and instabilities of different kinds have been ob-
served for a large number of systems [2—-13]. For
most applications, structure formation is not desir-
able, since it limits the ultimate resolution achieved
in the process. Recently, we have reported the first
clear observation of bistable behavior during py-
rolytic direct writing of Si lines deposited from
silane by means of Ar*-laser radiation [14]. Here,
two regimes with different types of deposits have
been observed: Uniform (continuous) lines and
equidistant fibers. By changing either the scanning
velocity or the laser power, an abrupt (Fig. 1a) or a
smooth (Fig. 1b) transition between these regimes
may occur. In the first case, the transition shows a
hysteresis with increasing /decreasing laser power or
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scanning velocity. A theoretical model based on a
one-dimensional approach for laser direct writing
[15] was developed in order to explain the limits of
continuous growth [16]. This model which takes into
account the temperature gradient in z-direction (per-
pendicular to substrate) and the finite size of the
laser focus, describes qualitatively the discontinuity
in the deposition process. In order to further test the
adequacy of this model, we have investigated the
influences of the heat conductivities and the activa-
tion energy of the pyrolytic decomposition on the
deposition process.

2. Experimental

The experimental setup for Si and C deposition
was similar to that described in [17]. A CW Ar*-laser
operating at 514.5 nm was focused to a spot of
2wo(l1/e) =35 pm or 2wy(1/e)=3 wm. As sub-
strates we used platelets of glass, fused silica (a-
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Fig. 1. (a) Scanning electron microscope (SEM) picture of silicon
deposits fabricated by Ar¥-laser (A=514.5 nm, 2wy =3 um)
direct writing with increasing and decreasing scanning velocity.
The picture was taken at an angle of 45°. The silane pressure was
500 mbar. For the lower and the upper trace the laser beam was
scanned from left to right with a laser power of 136 mW and
increasing velocity. For the trace in the middle, the beam was
scanned from right to left with decreasing velocity. (b) Simitar
picture for C deposited from 1000 mbar C,H, with P =150 mW
and 2wy =3 mm. The transition is almost smooth.

Si0,), SrTiO,, and (polished) ceramic ZrO, (YSZ).
All of these substrates were covered with an about
100 nm thick layer of amorphous silicon (a-Si) which
strongly absorbs the laser light and thereby permits
well-defined initiation of the deposition process. For
the observation of bistable behavior, the scanning
velocity, vy, was linearly increased or decreased. The
precursors employed for deposition of Si were
monosilane (SiH,) and disilane (Si,H,), while C
was deposited from ethyne (C,H,), ethene (C,H,),
and methane (CH,).

3. Results and discussion

Fig. la shows a scanning electron microscope
(SEM) picture of a typical Si deposit. In the lower
and upper part of the figure, v, was continuously
increased during scanning from left to right. In the
middle, v, was decreased during scanning from right
to left. The laser power, P, and the gas pressure
p(SiH,), were kept constant. The situation is similar
if the laser power is increased or decreased during
scanning with v, = const. [14].

In a v—P diagram one can separate two regions
where only uniform lines or only fibers are obtained.
Continuous deposition of lines is found only above a
certain critical velocity v = W(T*) where W de-
notes the growth rate which is given by the Arrhe-
nius law W= W, exp(—AE,/ksT). Within the
one-dimensional model of laser direct writing [15,16],
when the absorbed laser intensity is treated as a point
source, the critical center temperature, T, can be
described by T « AE, /kgk * [16]. Here, AE, is
the apparent activation energy and x * = kp/Ks. Kp
and g are the heat conductivities of the deposit and
the substrate, respectively. Thus v"
exp(—const.k, /ks) and an increase in « " should
shift the critical curve, which separates lines from
fibers, to lower scanning velocities. More detailed
calculations [16], which take into account the finite
size of the laser spot, show that a decrease in AE,
has the same effect. The calculated shape of the
critical curve is similar to that found in the experi-
ments. The dependence of T% and v" on laser
power is mainly due to the finite size of the laser
spot. For high laser powers, when the width of the
deposit is much larger than the laser spot, vg" be-
comes almost independent of P.

To examine that, three types of experiments have
been performed. First, k * was changed by varying
the substrate material. Second, A E, was changed by
using as precursor disilane instead of silane. Third,
deposition of C from different precursors has been
investigated.

3.1. The influence of the substrate
Fig. 2 shows the critical curve for a-SiO, sub-

strates covered with a-Si layers of various thick-
nesses, #,. The silane pressure was 500 mbar. Each
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Fig. 2. Changes in the critical curve for SiH,. Thicknesses of the
a-Si layer on the a-SiO, substrate were varied.

point is an average of three values of vy obtained
from double-scans with increasing and decreasing v
at fixed laser power. The hysteresis effect is not
shown in this figure, i.e., the median values of uS*
for ascending and descending scanning velocity were
taken. The standard deviation for v is about 2
um/s. Because of the small influence of the a-Si
layer on « *, the effect is small, but the trend agrees
with the theoretical prediction that a decrease in «
increases T and thereby v,”.

Fig. 3 shows the results of similar experiments
using different substrate materials. The correspond-
ing heat conductivities are listed in Table 1. Above
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Fig. 3. Changes in the critical curve for SiH, for different
substrates, all of them covered with a layer of about 100 nm a-Si.

Table 1
Heat conductivity x for different materials and temperatures (from
Ref. {18])

k(Wm™t K™D

0°C 100°C 300°C 1000°C
a-Si0, 1.35 1.42 1.70 33
c-Si 170 108 65 32 (700°C)
Zr0O, ceramic 2.0 2.0 2.0
StTiO, 10.0

about 500°C the heat conductivity of ZrO, is lower
than that of fused silica and the critical curve moves
to the left. SrTiO, shows the same effect; thus,
within the investigated temperature (power) interval,
its heat conductivity should be below that of fused
silica. The critical curve obtained in earlier experi-
ments [14,16] using glass substrates covered with
120 nm a-Si exhibits a similar behavior.

3.2. The influence of the activation energy: silane
and disilane

Fig. 4 shows critical curves for the deposition of
Si from SiH, and Si,Hg. In order to obtain similar
deposition rates, we employed only 50 mbar of
Si,H,. For an interpretation of these results, the
kinetic constants AE, and W, must be known.
These parameters were determined from the Arrhe-
nius plot in Fig. 5. Here, W was derived from the
height of spots grown with different illumination
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Fig. 4. Critical curves for Si deposited from SiH, and Si,Hg.
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Fig. 5. Arrhenius plot for Si spots deposited from SiH,, and
Si,Hg. The growth rate was determined experimentally. The
temperatures were calculated. The full lines are least-squares fits
to the data.

times. The temperature was calculated by using a
fast algorithm for flat spots [19]. The height of spots
which fitted our experimental data best, was approxi-
mated by A(r) = hy(1 — (r/R)*) with 1y <2R. The
accuracy in the linearized temperature is quite satis-
factory as long as « ™ > 5 [19]. The heat conductiv-
ity of Si depends strongly on temperature (x4 (T) =
KT —T) !, with k=299 X 10* W/m and T, = 99
K). Thus, small errors in the linearized temperature,
6, which is calculated from the stationary heat con-
duction equation, can result in bigger errors in the
temperature, 7' o exp . Least-squares fits to the data
in Fig. 5 yield 44.3 £ 4 and 40.4 £ 5 kcal /mol for
the apparent activation energies of silane and disi-
lane, respectively. These values agree quite well with
those found in the literature for SiH, (43.5+1
keal/mol [1]) and Si,H (42.75 + 6.75 kcal /mol
[20] and 38.0 kcal/mol [21]). The pre-exponential
factors, W, for 500 mbar SiH, and 50 mbar Si, H,
are close to each other (2.0 + 0.5) X 10* em /s and
(1.4 £ 0.5) X 10* cm /s respectively, from Fig. 5).
At elevated powers, the critical curve for Si de-
posited from Si, Hg is shifted to the left with respect
to that of SiH, (Fig. 4). The numerical calculations

show, that this may be related to the slight difference
in activation energies as mentioned in the beginning
of this section. The details of the algorithm for the
calculation of the critical curve in the v—P plane are
given in [16]. They are based on the one-dimensional
(in the direction of the deposited line) model for
laser direct writing, which takes into account finite
size of the laser spot and the temperature differences
within the stripe in the direction perpendicular to the
substrate. The decrease in v (or increase in P for
fixed v,) with decreasing activation energy may be
illustrated by the following reasoning. Discontinuous
deposition is observed at low v, which correspond
to the small growth rates, i.e., to big ratios AE, /k,T
[16]. If the activation energy A E, decreases, as it is
the case for the change from SiH, to Si,H; as a
precursor gas, this ratio decreases and the deposition
becomes continuous. Therefore, the critical curve is
shifted to a lower temperatures and scanning veloci-
ties. Note, that the deposition temperature increases
with increasing v, due to a decrease in the cross-sec-
tion of the stripe, which is a good heat conductor
[15,16].

The shift to the right observed for Si,H, for low
P may be due to the possible differences in the heat
conductivities k, of the deposits from the two pre-
cursors in this region. As it follows from the numeri-
cal calculations [16] and is explained in the begin-
ning of this section, a decrease in k" = kp/kq
shifts the critical curve to the right. For Si deposited
from disilane higher H content (i.e., lower xp) is
expected, because for equal vy, which means with
equal growth rates, the deposition from Si,H, pro-
ceeds at lower temperatures (and thus significantly
smaller hydrogen diffusion coefficients) due to the
lower value of AE, (see [22], and Fig. 5). While
under equilibrium conditions practically no hydrogen
is left in Si deposited above 500°C, the high cooling
rates involved in laser CVD may result in hydrogen
incorporation. The calculated deposition tempera-
tures [19] are around 1400 K (see e.g., Fig. 5) and
the heated zone in the deposited line is about 10 um
long. Thus, with v, = 10 um/s, the cooling time ¢
is about 1 s. The diffusion coefficient of H in Si at
these temperatures is D = 10~% c¢cm? /s [23]. There-
fore, hydrogen can diffuse over a distance (Dr)'/? =
1 wm which is smaller than the thickness of the
deposit. This mechanism will lead to a different H
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content for the deposition from silane and disilane
only in the lower left corner of the Fig. 4, because
for high P and v, (high temperatures), D is big
enough, and the hydrogen will completely evolve out
of the deposit in both cases.

3.3. Carbon

Bistabilities have been observed also during direct
writing of C lines from C,H,, C,H,, and CH,.
With C,H,, the transition from uniform lines to
fibers is almost continuous with v, and shows no
hysteresis (Fig. 1b). This may be related to the fact
that with the high critical velocity observed with
C,H, the fibers are strongly tilted. With C,H, and
CH,, an abrupt transition from lines to fibers, which
shows also a hysteresis, was observed. With both
precursors the ‘jump’ is smaller than for Si. This
can, in principle, again be related to the higher value
of v, and thereby the stronger tilt of fibers. Fig. 6
exhibits the critical curves for the different precur-
sors.

In order to interpret these data we consider the
activation energies, and the pre-exponential factors
for the pressures employed: 43.5 kcal /mol, 0.1 cm /s
for CH, (T <2800 K); 47.3 kcal/mol, 3 cm/s for
C,H,; and 58.3 keal /mol, 140 cm /s for C,H, [24].
A decrease in both AE, and W, shifts the critical
curve to lower velocities. Thus, with the assumption
that the heat conductivities of the deposits are the

Ly ¥ I
2+ -
— RODS Poyy = 1250 mbar
; - 70 4 WiaSIo 3 =514.5nm
LINES nm Wia-Sio, 2w_=5pum
u— 0
o
r 1
= 1000 mbar = 1000 mbar
Lu pCZH4 pC2H2
; 120 nm 2-Si/glass 120 nm a-Si/glass
ol Q RODS /
LINES LINES
L 1

0 10 20 30
VELOCITY v, [ pmis ]

Fig. 6. Critical curves for the deposition of C from C,H,, C,H,,
and CH,.

same in all three cases, one expects uv"(CH,) <
v(C,H,) < vi(C,H,). In the experiments, the last
inequality is reversed, probably due to differences in
the heat conductivities of C deposited from different
precursors. The heat conductivity of pyrolytic carbon
depends strongly on deposition temperature [25,23]
and it is, like that of graphite, strongly anisotropic.
Therefore, any quantitative considerations can hardly
be performed.

4. Conclusions

The transition from uniform (continuous) lines to
equidistant fibers originally observed during py-
rolytic direct writing of Si lines deposited from SiH,
seems to be a quite general phenomenon. A similar
behavior is found for the deposition of Si from
Si,H and of C from CH,, C,H,, and C,H,. Apart
from C,H,, the transition is discontinuous and shows
a hysteresis with respect to laser power and scanning
velocity. The boundary between the two regimes in
the diagram laser power versus scanning velocity
agrees qualitatively with the predictions of a one-di-
mensional model for laser direct writing. The appar-
ent activation energy for the deposition of Si was
determined to be 44.3 and 40.4 kcal /mol for SiH,
and Si,Hg, respectively.
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