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PYROLYTIC DECOMPOSITION OF SILANE ON LASER-IRRADIATED SILICA SUBSTRATES 

D. TONNEAU*, Y. PAULEAU and G. AWERT 

Centre National dlEtudes des TBlecommunications, BP. 98, F-38243 
Meyl an, France 
'~ociBt6 Bertin, BP. 22, F-13762, Les Milles, France 

Resume - Des microstructures ont et6 obte~ues sur substrats de silice (recouverts ou non 
d'une couche mince de silicium) par dCcomposition du silane sous irradiation par un 
laser CO2 continu. La vitesse de dCp6t des microstructures de silicium ayant un profil 
gaussien est proportionnelle I la pression de silane et varie lineairement avec la 
puissance du laser ou la tempkrature de la surface du substrat. A faible pression de 
silane (infkrieure B 1 Torr) et au:dessus de 1050°C, des microstructures en forme 
d'anneau ont CtC dCposCes sur substrat de silice et la silice Ctait gravbe au centre du 
spot. Les mecanismes rkactionnels intervenant dans le dCp6t de silicium et la gravure de 
la silice sont analyses dans cet article. 

Abstract - Microstructures were produced on Si-coated or uncoated silica substrates via 
cw CO2 laser-induced decomposition of silane. The deposition rate of Si dots having a 
Gaussian profile was found to be proportional to the SiH4 pressure and linearly 
dependent on the laser power or laser-induced surface temperature. At low SiH4 pressures 
(below 1 Torr) and above 1050°C, ring-shaped Si dots were deposited on silica substrates 
and SiO2 was etched at the center of the laser spot. The reaction mechanisms of the 
deposition of silicon and etching of silica are discussed in this paper. 

1 - INTRODUCTION 
Laser-induced chemical vapor deposition (LCVD) of doped-Si microstructures appears to be of 
great interest for the rewiring of prototype integrated circuits /l/ and for various other 
device applications such as discretionary changes, repairs or custom processing /2,3/. 
Pyrolytic decomposition of silane irradiated with a laser beam inducing a Gaussian temperature 
distribution on the substrate surface appears a promising process for fabrication of micron 
size polycrystalline Si lines. Since this decomposition rate depends exponentially on the 
reciprocal absolute temperature (Arrhenius law), the linewidth is expected to be significantly 
narrower than the laser beam diameter. The light emitted by a cw CO laser tuned at 10.59 pm is 
strongly absorbed by SiH4 molecules and SiO substrates. Using tsis type of laser beam, the 
deposition of silicon can occur via pyrolytic decomposition of vibrationally excited SiH4 
molecules or silicon bearing species. As a result, the deposition rate of Si films produced 
from these excited species is expected to be higher than the deposition rate of films resulting 
from the thermally-activated pyrolysis of silane in furnace-type CVD reactors. 

The purpose of our study is to investigate the deposition kinetics of Si microstructures on 
Si-coated or uncoated silica substrates locally heated with a focused cw CO2 laser beam, and to 
elucidate the reaction mechanisms involved in the decomposition of silane. In a series of 
experiments, the thickness and deposition rate of Si microstructures produced on Si-coated 
silica substrates were determined as functions of the irradiation time, laser power and silane 
pressure. In another series of experiments carried out at lower silane pressures (from 0.1 to 
0.7 Torr), ring-shaped microstructures were deposited directly onto silica substrates and at 
the center of the laser spot, SiO2 was etched. The etching rate was measured as a function of 
the silane pressure and laser power. The reaction mechanisms involved in the decomposition of 
silane on the two types of substrates are discussed. 

2 - EXPERIMENTAL PROCEDURE 
The experimental set-up is represented schematically in Fig.1. After pumping down to about 1 X 
1 0 - ~  Torr, -the reaction chamber was filled with pure silane. The reactant pressure measured 
with a capacitance gauge was varied from 0.1 to 15 Torr. The cw CO2 laser was tuned at 10.59 pm 
(P(20) CO laser line). The laser beam penetrated into the deposition chamber through a 
transparent NaCl window and was focused on the substrate using a 25 cm focal length ZnSe lens. 
Silica plates of 1 mm in thickness and Si-coated silica plates were used as substrates. The 
laser spot was maintained in a fixed position for a given irradiation time (1 to 15 S) 
determined by switching on and off the laser beam with a mechanical shutter. The spot diameter 
on the substrate surface of about 300 pm at half intensity was determined experimentally /4/. 
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As a result, the microstructures formed in the hot spot were large enough for characterization 
by profilometer measurements. 

The laser irradiation of substrates was carried out in a static atmosphere at a constant SiH4 
pressure. The laser spot was moved on the substrate surface between each irradiation experiment 
using deflecting mirrors. The output laser power, mechanical shutter and deflecting mirrors 
were monitored by a computer. A series of experiments on a given substrate could be performed 
with a fixed SiH4 pressure at different output laser powers and irradiation times. 

CAPACITANCE 
GAS SUPPLY GEE 

U 

Fig.1 - Experimental arrangement. 

Since the laser-induced temperature on the substrate surface was expected to be a dominant 
factor in the decomposition kinetics of silane, the temperature distribution on the substrate 
surface in the laser spot area was estimated by solving the heat-diffusion equation using the 
finite element method / 5 , 6 / .  With the experimental configuration used, the laser-induced 
surface temperature, T,, was found to be proportional to the laser power, PL, on the substrate 
surface. In fact, with SiH4 molecules absorbing the laser light, the value of PL was less than 
the output laser power, PO. The attenuation of the laser power and the actual laser power, P , 
on the substrate surface under given experimental conditions (SiH4 presure, optical pakh 
length, laser spot diameter on the substrate,. . .) were deduced from measurements of the output 
laser powers required for melting the Si coating on silica substrates (melting point of Si = 
1410°C) under vacuum and at a given SiH4 pressure. The actual laser power, P , and 
laser-induced temperature, TS, on the substrate surface at a given output laser power an$ SiH4 
pressure were determined from these measurements and calculations. 

3 - RESULTS AND DISCUSSION 
3 - 1 - Deconiposition of silane on Si-coated silica substrates 
Since the laser beam was maintained in a fixed position during the laser irradiation, the 
decomposition of silane led to the formation of dot-shaped polycrystalline Si microstructures. 
The decomposition kinetics of silane was determined from the profilometer measurements of the 
height of these dots. Silicon dots having a Gaussian profile were produced at various SiH4 
pressures and output laser powers. The height of these Gaussian Si dots was proportional to the 
irradiation time (Figs.2 and 3). As the deposition rate of these dots exibited no dependence on 
changes in irradiation time, the deposition process occurred at a quasi-steady state, in 
particular at a constant temperature for irradiation times longer than 1 S. This experimental 
result is in good agreement with the temperature dependence on irradiation time predicted by 
the theoretical calculation /5,6/. The data presented in Fig.2 show that the effect of SiH4 
pressure on the deposition rate at a given output laser power (0.8 W) is slightly complex. An 
increase in SiH4 pressure led simultaneously to an increase in deposition rate and a decrease 
in laser power, PL, on the substrate surface. At 0.8 W, the deposition rate was unchanged by 
varying SiH4 pressure from 5 to 6 Torr since the effects of pressure and temperature on the 
deposition rate were probably equivalent. The deposition rate of Gaussian Si dots increased 
with increasing output laser power (Fig.3). In other words, the deposition rate was dependent 
on the laser-induced temperature of the substrate surface. 

The dependence of the height of Si microstructures on the laser power is illustrated in Fig.4. 
At a given SiH4 pressure, three stages could be distinguished in the process depending upon the 
laser power value. Below 0.68 W, no deposition occurred whatever the SiHg pressure. At laser 
powers higher than this threshold value, Gaussian Si dots were produced and the height of these 
dots increased linearly with increasing laser power or laser-induced temperature of substrates. 



IRRADIATION TlME (S) 

Fig.2 - Height of Gaussian Si dots versus irradiation time - SiH4 pressure effect. 

IRRADIATION TlME (S) 

Fig.3 - Height of Gaussian Si dots versus irradiation time - output laser power effect. 

Above 1.13 W ,  volcano-shaped Si dots were deposited. This threshold value of 1.13 W was the 
laser power, PLm, required on the substrate surface for Si melting at the center of the laser 
spot. The volcano shape resulted from the attack of Si02 by silicon. The Si02 etching was 
revealed by small pits in silica substrates observable by optical microscopy after Si 
stripping. At high temperatures (Ts > 1410°C), silicon monoxide, SiO, formed by interaction 
between Si and SiO diffused in liquid Si and was vaporized. The maximum height of these 
volcano-shaped Si do?: (or height of the craters) was independent of laser power. At the rim of 
the craters, the deposition temperature was constant (1410°C) since the solid-liquid 
equilibrium was established. Although SiH4 molecules or other reactive species absorb the laser 
light, the independence of the deposition rate on the laser power at a constant temperature 
suggests that the photolytic effect on the deposition process is negligible. As a result, the 
deposition temperature appears to be the major parameter governing the kinetics of the cw CO2 
laser-induced decomposition of silane. 
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Fig.4 - Height of Si dots versus laser power, PL, available on the substrate surface for 
various SiH4 pressures and irradiation times. 

The deposition rate of Gaussian Si dots produced at 1410°C or at lower temperatures was found 
to be proportional to the SiH4 pressure (Fig.5). The relationship between the deposition rate 
of these dots and the laser power, PL, is given by the following equation : 

where kR is the rate constant, PSiH4 the SiH4 pressure and PLO the laser power threshold for 
the onset of the deposition of silicon (under our experimental conditions, pLO = 0.68 W). 

The substrate temperature at the center of the laser spot for the onset of the deposition of 
silicon was 856OC. This value is considerably higher than the temperature of 500'-550°C 
required for the deposition of Si films by pyrolysis of silane in hot wall or cold wall low 
pressure CVD reactors. The deposition rate dependence on laser-induced temperature is presented 
in the Arrhenius diagram given in Fig.6. The cw CO laser-induced decomposition of silane 
clearly does not comply with the Arrhenius law. 8n the other hand, using the CO laser 
irradiation, the deposition of Si dots starts at a laser threshold of 0.68 W whatever tie SiH 
pressure. These results are quite different from those reported for the cw Ar+ laser-inducei 
deposition of Si rods via pyrolysis of silane /7,8/. In this latter c q e ,  an exponential 
increase in deposition rate with increasing laser-induced temperature from 900' to 113 OC was 
observed and the activation energy deduced from the Arrhenius law was 44.1 * 4 kcal mol-l. This 
value is relatively close to the activation energy of 37.4 kal mol-l reported for the 
deposition of Si films by pyrolysis of silane between 560' and 780°C in a cold wall low 
pressure CVD reactor /9/. 

The reaction mechanism for the deposition of silicon via pyrolysis of silane either in hot wall 
/10,11/ or cold wall /12,13/ conventional CVD reactors is complex and not fully understood. At 
low temperatures, the deposition rate of Si films and the decomposition of silane are 
controlled by a surface reaction whereas above a certain temperature, the kinetics of the 
decomposition process becomes mass-transport limited and the deposition rate is less dependent 
on the deposition temperature. These major characteristics have been obtained for the cw Ar+ 
laser-induced decomposition of silane. However, compared with a decomposition process carried 
out in a furnace-type CVD reactor, the laser-induced deposition process led to much higher 
deposition rates (by a factor of 10'-103) at a given deposition temperature since the 
deposition process was performed at higher SiH4 pressures without the detrimental formation of 
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Fig.5 - Deposition r a t e  of Gaussian S i  do t s  versus  SiH4 pressure .  
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Fig.6 - Arrhenius diagram - (a)  cw ~ r +  LCVD of S i  rods,  SiH4 pressure  of 100 Torr (from /7,8/);  
(b) CVD of S i  f i lms  i n  a cold wall  CVD r eac to r s ,  SiH pressure  of 0.76 Torr and N 2  or Ar 
pressure  o f  6.84 Torr (from / 9 / ) ;  (c and d )  cw CO2 LCVD of ei do t s .  
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powdery Si by gas phase nucleation; in addition, the kinetics of the LCVD process was surface 
reaction controlled at much higher deposition temperatures. These distinctive features of the 
LCVD process have been analyzed as a consequence of the strong localization of the laser 
heating process /a/. 

The kinetics data of the cw CO2 laser-induced decomposition of silane are quite different from 
those obtained with a cw Ar+ laser or with a furnace-type CVD reactor. The classical reaction 
mechanisms proposed for the pyrolysis of silane cannot be invoked; in particular, the 
decomposition of silane by a surface reaction in the adsorbed phase is no longer the 
rate-limiting step since the deposition rate of Gaussian Si dots does not fit the Arrhenius 
law. The SiH4 pressure effect on the deposition rate of Si dots suggests that the deposition 
kinetics may be limited by the number of collisions between SiH4 molecules and the silicon 
surface heated with the laser beam. The surface collision frequency, 2 ,  per unit area is 
proportional to the gas pressure, P : 

where No is the Avogadro number, R the ideal gas constant, M and T the molar mass and absolute 
gas temperature, respectively. 

Since the laser heating of substrates is strongly localized and the heat conductivity of 
substrates is higher than that of silane, the variation in the gas phase temperature with laser 
power may be negligible compared with that of the substrate temperature. The yield of the 
deposition process given by the ratio of the number of SiH molecules dissociated to the nu ber 
of SiH4 molecules impinging on the substrate is 0.21 $or a deposition rate of 2 pm S-' at 
1410°C with 15 Torr of silane. Consequently, any depletion phenomena can be excluded and no 
rate limiting step such as a gas phase diffusion process can be invoked. 

The substrate temperature for the onset of the laser-induced deposition of silicon estimated to 
be 856OC is significantly higher than the temperature required for deposition of Si in a 
furnace-type CV0 reactor. The deviation in deposition temperature may result from a difference 
in the excitation level of molecules and reactant species. Using a furnace-type reactor, the 
volume of reactant gas heated at a temperature close to the substrate temperature is relatively 
large and reactant precursors such as SiH2 or SiH3 radicals may be created in the gas phase; 
these gaseous precursors can decompose and provide Si films at much lower temperatures than 
that required in the laser-induced deposition process. The existence of the temperature 
threshold (856OC) suggests that SiH4 molecules gain the vibrational energy for their 
dissociation during collisions with the Si surface in the hot spot. Above the temperature 
threshold, the energy balance at the substrate surface would be favorable to the dissociation 
of SiH4 molecules. The vibrational energy of the Si lattice being proportional to the substrate 
temperature, the number of SiH4 molecules able to reach the energy level required for 
dissociation is expected to be linearly dependent on the substrate temperature. Assuming this 
mechanism, the deposition rate of Gaussian Si dots proportional to the number of SiH4 molecules 
impinging on the substrate surface is also linearly dependent on the substrate temperature 
above 856OC. This deposition rate dependence on the substrate temperature is in concordance 
with the kinetic data. 

The effect of photons on the decomposition of silane can be disregarded for several reasons. 
The photodecomposition of molecules would induce the formation of powdery Si by volume 
reactions. These volume reactions are known to lead to a depletion of reactive gas in the 
vicinity of substrates and the deposition rate would decrease considerably with increasing gas 
pressure. Actually, the formation of powdery Si by homogeneous decomposition of s'lane c uld be + performed with a pulsed CO laser operating at a power density in the range of 10 H cm-' /14(, 
i.e., considerably higher than the power density of the cw CD2 laser which was about 1.5 X 10 
W cm-2. In addition, the deposition rate of volcano-shaped S1 dots at 1410°C being independent 
of laser power, the photodecomposition of SiH4 molecules must be excluded from the deposition 
mechanism of Si dots produced by the CO2 laser-induced decomposition of silane on Si-coated 
silica substrates. 

3 - 2 - Decomposition of silane on silica substrates 
At SiH pressures higher than typically 1 Torr, Gaussian Si dots were deposited on silica 
substrates irradiated with laser powers up to 2.5 W. This deposition process is equivalent to 
the deposition process of Si dots on Si-coated silica substrates. The situation was different 
at SiH4 pressures ranging from 0.1 to 1 Torr. The typical profiles of microstructures produced 
at a S1H4 pressure of 0.5 Torr for an irradiation time of 2 S are presented in Fig.7. Gaussian 
Si dots were deposited at a laser power of 1.2 W. Ring-shaped Si microstructures were produced 
at 1.4 W corresponding to a laser-induced surface temperature of about 950°C. At higher laser 
powers, the silica substrate was etched at the center of the ring-shaped microstructure. The 
deposition rate of Gaussian Si dots as well as the etching rate of SiO substrates at the 
center of the laser spot were determined as functions of the SiH4 pressure a! output laser 



powers inducing substrate temperature of about 1400°C (Fig.8). Above 0.7 Torr, Gaussian Si dots 
were produced with 7 deposition rate proportional to the SiH4. pressure. The constant rate of 
0.11 pm S-' ~ o k r -  for the deposition at 1400°C is equivalent to that obtained for the 
deposition of Si dots on Si-coated silica substrates. The part of the curve in dotted line 
(Fig.8) represents the deposition rate of Si dots on inert substrates (for example, on 
Si-coated silica substrates). In fact, this curve gives the decomposition rate of silane on Si 
substrates. Below 0.7 Torr, the Si02 substrate was etched and this reaction rate was also 

IRRADIATION TIME = 2 s 
- 0.4 I I I I I 

0 100 200 300 400 500 
pm 

Fig.7 - Typical profiles of microstructures obtained on silica substrates. 

0.2 

proportional to the SiH4 pressure. The eaction rates for the deposition and etchin processes 
can be exp essed in Si atoms cm-2 S-' considering the Si atom density of 5 x 10'' and 2.2 X 
1oZ2 at/cmf in Si and Si02, respectively 8 The data points (closed square symbols) 
corresponding to the etching of Si02 are located on the curve in dotted line. Consequently, the 
etching rate of Si02 is the same as the deposition rate of silicon on inert substrates which 
is, in fact, the decomposition rate of SiH4 molecules. 

I - I I I I - 
PSIH4 = 0.5 Torr 

The dependence of the etching rate of Si02 on the laser power is demonstrated in Fig.9 at SiH4 
pressures of 0.5 and 0.7 Torr. The etching rate increases linearly with increasing laser power 
or substrate temperature up to 1410°C. In other words, the kinetics of the etching process does 
not comply with the Arrhenius law. The substrate temperature corresponding to an etching rate 
of zero is found to be 1050°C by extrapolating the curves given in Fig.9. This temperature is 
independent of SiH4 pressure. 

The cw CO2 laser-induced decomposition of silane on silica substrates has led to the formation 
of Gaussian Si microstructures at surface temperatures lower than 950°C. For laser-induced 
surface temperatures in the range of 950' to 1050°C, the formation of ring-shaped Si 
microstructures may result from the high surface mobility of Si atoms on silica substrates at 
the center of the laser spot. The Si atoms produced at the center of the irradiated zone could 
migrate towards the outer part of the laser spot, i.e., towards a region at a lower 
temperature. The migration phenomenon was observed only at low SiH pressures (below 1 Torr). 
With a laser-induced temperature higher than 1050°C at the center of the irradiated zone, SiH4 
molecules were decomposed at the periphery of the heated zone and ring-shaped Si deposits were 
produced. At the center of the laser spot, the Si atoms produced via pyrolysis of silane were 
probably converted into SiO vapor by reaction of Si with Si02. Indeed, the onset of the SiO 
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Fig.8 - Deposition rate of Gaussian Si dots and etching rate of Si02 versus SiH4 pressure. 
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Fig.9 - Etching rate of 
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Si02 versus laser power, PL, on the substrate surface. 

sublimation from Si-Si02 mixtures has been demonstrated to occur at 1050°C /15/. The nucleation 
and growth of Si films via pyrolysis of silane in furnace-type CVD reactors has been thoroughly 
investigated /9,16,17/. The saturation density of Si clusters between 925O and 1200°C was found 
to decrease more rapidly on silica substrates than silicon nitride substrates. This difference 
was explained by the reaction between Si atoms and SiOZ resulting in volatile SiO, whereas the 
thermodynamically unfavorable reaction between Si and SlrN4 could be disregarded. In addition, 
the surface of silica substrates observed by scanning electron microscopy was partially 
deteriorated probably due to the formation of SiO when relatively low input concentrations (or 
partial pressures) of silane were used for CVD of Si films above llOO°C /9/. The etching 
kinetics of silica substrates via laser-induced decomposition of silane was governed by the 
decomposition kinetics of silane since the etching rate dependence and the deposition rate 
dependence on the SiHq pressure and substrate temperature were similar. 

4 - CONCLUSION 

The cw CO laser induced decomposition of silane on Si-coated or uncoated silica sub trates 
can provide Si m-icrostructures with relatively high deposition rates (up to l pm S-?); the 
deposition rate was found to be proportional to the SiH4 pressure and linearly dependent on the 



laser  power o r  substrate tempeseture. The reac t ion  mechanism proposed f o r  p y r o l y s i s  o f  s i l ane  
i n  furnace-type CVD reactors cannot be invoked t o  expla in  the experimental r e s u l t s  o f  our 
k i n e t i c  study. The deposi t ion r a t e  was found t o  be p ropor t iona l  t o  the number o f  c o l l i s i o n s  
between SiH4 molecules and the substrate surface. Although SiH4 molecules absorb the laser  
l i g h t ,  the con t r ibu t ion  o f  a p h o t o l y t i c  decomposition o f  s i l ane  t o  the deposi t ion process was 
observed t o  be neg l ig ib le .  A t  low SiH4 pressures (below 1 Torr) and above 1050°C, the 
i n t e r a c t i o n  between Si02 and S i  atoms produced by the decomposition o f  s i l ane  l e d  t o  the 
v o l a t i l i z a t i o n  o f  SiO and resu l ted  i n  the Si02 etch ing a t  the center o f  the i r r a d i a t e d  zone. 
The k i n e t i c s  o f  t h i s  e tch ing process was t o t a l l y  dominated by the decomposition k i n e t i c s  o f  
SiH4 molecules. 
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