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Abstract. Absorption spectra of the gases Sill4, NH3, 
C2Hz and of SiH4/Ar and SiH4/B2H6 mixtures have been 
measured in the spectral range of the CO2 laser from 9.2 
to 10.8 gm. In agreement with literature, silane shows the 
highest absorption (absorption coefficient c~ = 3.3 x 10 -2 
Pa-~ m-1). The deviation of the measured absorption 
behaviour of silane from literature, as far as the pressure 
dependence is concerned, can be explained by the en- 
hanced spectral energy density in our experiment. This is 
confirmed by a rate-equation model involving the basic 
mechanisms of V-V and V-T energy transfer between 
vibrationally excited silane molecules. In contrast to 
silane, the absorption coefficient c~ of NH3 at the 10P(20) 
laser line is 4.5x 10 .4 Pa -1 m -1 at p = 20kPa and has 
its maximum of 4.5 x 10 -3 Pa -1 m -1 at the 10R(6) laser 
line. For C2H2 and B2H6, c~ is even less ( <  2.1x 
10- 5 Pa- 1 m- 1 for C2H2). 

PACS: 33.20; 34.50 

Nowadays, IR-laser-induced chemical processes are of 
growing importance for several applications, such as 
semiconductor production, surface treatment in material 
sciences, production of superconducting films, and syn- 
thesis of ultrafine powders which can be processed to 
high-quality ceramics. The powder synthesis (by the 
method of laser-induced pyrolysis) is subject of research in 
our institute, whose results are presented in detail else- 
where [1-3]. In all cases mentioned in literature, mainly 
the 10P(20) line at )~ = 10.591 gm of a CO2 laser is used, 
whose absorption behaviour is well known for most gases 
of laser chemical interest. 

Haggerty and Cannon [4] measured c~(2) of Sill 4 and 
NH3 also for other CO2 laser wavelengths. However, the 
spectral energy density of their laser system (10-12 Jsm- 3) 
was two orders of magnitude smaller than that in our 
experiments, making the mere adaptation of their data to 
our experimental conditions questionable. Additional ab- 
sorption data, which can be extracted from literature, 

mainly result from experiments concerning small-signal 
absorption (linear absorption), as given for C2H4, NH3, 
and 03 in [5], for B2H6 in [6], and for triethylborane in 
[7], or concerning multiple-photon IR absorption, as 
given in [8-12]. Both cases are different to the measure- 
ments presented in this work, where pressures of 50 kPa 
are combined with spectral energy densities in the order of 
10- lo Jsm- 3. These high values correspond to the experi- 
mental conditions of our laser-induced pyrolysis setup, 
possessing gas-to-powder conversion efficiencies of more 
than 95 %. The fact that for our experimental conditions 
only sparse information on the absorption of the reactant 
gases is available leaded to the investigations reported in 
the following for Sill4, NH3, C2H2, as well as for SiH~/Ar 
and SiH4/B2H6 mixtures. 

1 Experimental setup 

A schematic sketch of the absorption setup can be seen in 
Fig. 1. The CO2 laser beam is split into a signal beam and 
a reference beam, both beams being chopped mechan- 
ically with different frequencies. Two light barriers record 
synchronously lock-in times of the chopper for each chan- 
nel, while the power supply of the chopper controls its 
rotation and the light barrier signals. The signal beam 
transmitted through the ZnSe windows of the the absorp- 
tion chamber is attenuated to the sensitivity range of the 
pyroelectric detector 1. The modular mechanical setup of 
the absorption chamber allows to adjust different absorp- 
tion path lengths between 2 and 32 cm. The intensity of 
the reference beam is also reduced by an attenuator and 
led to the pyroelectric detector 2. The leakage rate of the 
absorption chamber was better than 2 x 10-7 Pam3s - 1 

The output signals of detector 1 and 2 and of the 
chopper are connected to two separate lock-in amplifiers. 
After filtering the lock-in output, signals are led to a ra- 
tiometer, where a signal which is proportional to the ratio 
of the two lock-in signals is generated. This is plugged into 
one channel of the x-y-plotter. The other channel is fed by 
a signal proportional to the pressure in the absorption 
chamber. 
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Fig. 1. Scheme of the absorption setup 

2 Experimental  results 

In this section, measured absorpt ion data  for Sill4, NH3,  
C2H2, SiH4/Ar and SiH4/B2H6 mixtures at room temper- 
ature in the pressure regime from 0 to 100 kPa  are present- 
ed. The experimental parameters  summarized in Table 1 
are c o m m o n  for all measurements.  

Before each measurement,  both  axes of the x-y-plotter  
were calibrated by exposing the reference lock-in to a well- 
defined chamber  pressure and exposing the rat iometer to 
a well-defined attenuation. After tuning the COz laser to 
a new line, the absorpt ion chamber  was evacuated and the 
corresponding absorpt ion value arbitrarily set zero. Then, 
the chamber  was slowly filled with the gas under  invest- 
igation (rate of pressure increase 0.1-0.5 kPa/s), and the 
absorpt ion was measured for different pressures. The pro- 
cedure was repeated for the next CO2 laser line. The 
measurements  on silane, ammonia ,  and the 
si lane/diborane mixture were performed with the min- 
imum chamber  length of 2 cm, whereas for the measure- 
ments at C2H2 the max imum chamber  length of 32 cm 
was used. 

The measured curves were evaluated by means of the 
integral Lambert-Beer  law: 

I = Io exp( - c~d), (1) 

giving for the absorpt ion coefficient ~: 

O~ 
pd 

(2) 

with the absorpt ion  length d, gas pressure p, and laser 
intensities in the signal and the reference branch I and Io, 
respectively. 

2.1 Silane and silane/argon mixtures 

In Fig. 2, the absorpt ion coefficient for silane is shown, as 
determined from measurements  at the 10P(20) laser line 
and p -- 0 20 kPa. After a steep increase of the e value vs 

Table 1. Experimental parameters of the absorption measurements 

Experimental conditions 

C02 laser 

Total gas flow 
Gas mixture 
Discharge pressure 
Discharge current 
Width of gain profile 
Dominant broadening mechanism 
Transversal mode 
Longitudinal mode distance 
Spectral width of emission line 
Frequency stability 
Average laser power 
Beam diameter 
Spectral energy density 

Absorption chamber 

12 = 0.2 Nm3h -1 
l)He: I/N2: 19co 2 = 82:13.5:4.5 
p = 10 mbar 
I = 70 mA 
C~Vv ~ 60 MHz 
Doppler 
TEM0o 
5VL~so r = 26 MHz 
AVLaser = 1.5 MHz 

10 MHz 
PL = 25 W 
3Wo = 18 mm 
QPh ~ 10-1° Jsm-3  

Absorption length d = 2 32 cm (see text) 
Diameter of absorption chamber D = 36 mm 
Average laser power Pay = 10 W 

Chopper 

Modulation frequency (reference) fr = 80 Hz 
Modulation frequency (signal) fa = 64 Hz 
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Fig. 2. Measured absorption coefficient a for silane and silane/ar- 
gon mixtures vs partial pressure of silane 

pressure until p = 1.5 kPa, a moderate  increase (approx- 
imately linear) up to c ~ = 3 . 2 x 1 0 - 2  P a - l m - 1  at 
p = 20 kPa  is observed. This behaviour  remarkably  differs 
from the measurements  of Hagger ty  and Cannon  [4], 
which should be discussed in the following. Their absorp- 
tion setup is quite similar to the equipment  employed 
here, whereas the CO2 laser devices are different. The laser 
used by Hagger ty  and C a n n o n  had a repetition rate of 
1 Hz, pulse durat ion of 1 ms and a pulse energy of 100 m J, 
giving an average power of only Pay = 0.1 W. According 
to the following relation 

/'L Pay 
~Oph --  CZ~'VL . . . .  CT~" (3Wo/2) 2 AV c . . . .  (3) 
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for the spectral energy density 0Ph of the laser, the 
measurements presented in this work correspond to 
a value of 0Ph about a factor 100 higher than in the case of 
Haggerty and Cannon [4]. The spectral widths of the 
lasers Av L . . . .  and their beam diameters w0 are assumed to 
be similar. The high spectral energy density causes a con- 
siderable alteration of the population density, as is shown 
below. 

Further absorption experiments were performed with 
SiH4/Ar mixtures at the same laser line (2 = 10.591 pm). 
Figure 2 furthermore presents the p-dependence of the 
absorption coefficient for pure silane, a 2:1, and a 1:2 
mixture of Sill4 and argon. Two features are obvious: 
first, the strong decrease of ~ when the argon concentra- 
tion is raised at a constant silane partial pressure. On the 
other side, c~ keeps constant or is even higher for a stronger 
dilution with argon. These experiments show that 
measurements at pure gases do not necessarily allow con- 
clusions for the pyrolysis process in a mixture of gases. 

Besides the 10P(20) transition, the absorption coeffic- 
ient vs pressure was also measured for a variety of CO2 
laser wavelengths. Examples are given in Fig. 3 for 
p = 2 . 5 k P a  and p =  50kPa.  As can be seen, for 
p = 2 . 5 k P a ,  the strongest absorption occurs on the 
10P(20) line with c~ = 8.2 x 10- 3 P a -  1 m -  1. Further lines 
with similar high absorption coefficients are 10P(24), 
10P(36), and 10R(12). In the 9 btm regime, only weak 
absorption is observed, corresponding to a values one 

order of magnitude lower than the 10P(20) data. With 
increasing pressure, the absorption in the 10 I~m regime 
becomes too high to allow precise determination even in 
the case of minimum absorption chamber length 
(d = 2 cm), leading to peaks which surpass the upper edge 
of the diagram (as in Fig. 3 for p = 50 kPa). But also peaks 
with a different behaviour were recorded, as the line 
10R(12), showing a decrease of ~ from 7.5×10 -3 
p a - l m  -1 at p = 2 . 5 k P a  to 3 .7x10 -3 p a - l m  -1 at 
p = 50kPa.  In the 9 pm regime up to p = 50kPa,  no 
significant raise of the absorption was measured. 

2.2 Silane/diborane mixture 

Absorption experiments with a SiH4/B2H6 mixture (2:3), 
which were started around the 10P(30) transition, yielded 
no reasonable data because even the moderate laser 
power of 10 W induced massive chemical reactions in the 
absorption chamber. These reactions lead to a coating of 
the ZnSe windows, which had to be entirely cleaned before 
the next experimental run could be performed. Neverthe- 
less, it could be concluded, that the absorption of B2H6 is 
only weak in contrast to that of silane. Also for the 
10P(20) line, it showed to be negligible, which is in agree- 
ment with literature [6]. 

2.3 Ammonia 
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Fig. 3. Synopsis of the absorption coefficient ~ for silane for various 
laser frequencies 

The experiments with ammonia were performed under the 
same experimental conditions as for silane, also showing 
a strong pressure dependence for this gas. As can be seen 
from Fig. 4 for the 10P(20) line, ~ has a clear maximum in 
the region below p = 5 kPa. For  pressures p > 40 kPa, 
.~ remains nearly constant ( ~ 4 x 10 - 4  Pa-1  m-1). This 
behaviour is confirmed by the measurements of Haggerty 
and Cannon [4]. The fact that an increase of ~Oph by two 
orders of magnitude does not change the absorption be- 
haviour leads to the conclusion that the energy transfer to 
the ammonia molecule is mainly realized by interaction 
with other molecular species (collisions). 

For  other CO2 laser wavelengths, the pressure de- 
pendence of c~ was also investigated. Figure 5 shows the 
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Fig. 4. Absorption coefficient ~ for ammonia  vs pressure p 
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spectral behaviour of ~ for p = 2.5 kPa  and p = 50 kPa. 
At low pressure, only few lines reach a value of 2-4 x 
10 .3 Pa -1 m -1, with the exception of the transition 
10R(6) attaining 7 x 10 .3 Pa -1  m-1.  At this position of 
the CO2 laser spectrum [as well as for 10P(32) and 
10P(34)], c~ can be raised to more than 10- 2 P a -  1 m -  1 by 
increasing p to 50 kPa, whereas the absorption at 10P(20) 
remains small for this pressure (3.1 x 10 -4 Pa l m-1).  
With exception of the line 9R(16), where c~ grows until 

7.0 x 10- 3 Pa t m -  1 at p = 50 kPa, ~ is not a function of 
pressure in the 9 pm regime. A similar result was found for 
silane. The corresponding values of the absorption coeffic- 
ient of ammonia  are less than 2 x 10 -3 Pa -1 m-1.  

2.4 Acetylene 

In contrast to Sill4 and NH3, the absorption coefficient of 
C2H 2 is nearly constant over the whole pressure range 
from 0 to 100 kPa. Therefore, only the spectral behaviour 
of the absorption (for an absorption length d = 32 cm) is 
given in Fig. 6. The absorption coefficient c~ is comparat-  
ively very low for every CO2 laser wavelength and reaches 
its maximum value of 2.1 x 10- 5 P a -  1 m - 1 at the 10P (18) 
line. 

3 Model l ing the C O  2 laser line absorption by the silane 
molecule  

Silane is a tetrahedral molecule which belongs to the 
pointgroup Td and possesses 3 N -  6 = 9 fundamental 
vibrations. The fundamental mode vl (al) at 2186.87 c m -  1 
is not degenerated, v2(e) at 970.97 cm -1 is twofold, and 
va(f2) at 2189.19cm -1 and v4(f2) at 913.47cm - I  are 
threefold degenerated. 

3.1 Linear absorption 

In case of linear absorption, the absorption coefficient for 
silane at the frequency position v is determined by the line 
shape profile Psim(v, Vsm4) and the line strength S(v), 
which depend on the transition under consideration: 

,n('°) 
C('(~/') - -  / ~  - -  S ( v ) P s i H 4 (  V, ]]SiH4), (4)  pd 

Here, Vsm4 = 944.213 cm - t  belongs to the vibrational 
rotational transition of the silane molecule in the 
R branch of the v4 fundamental mode [13], having only 
a spectral distance of AAE:= VCO2 -- VSm4 = 0.015 c m -  
(450 MHz) from the 10P(20) laser line. Then, the absorp- 
tion coefficient ~' for the total absorption is obtained by 
integration of c~'(v) over the spectral distribution of the 
incoming laser light: 

+ o o  

~ ' =  5 PL .... (v)c((v)dv. (5) 
0 

According to [14], the absorption line has a full Doppler 
width AD, slm = 62.1 MHz at room temperature, and the 
Lorentz width of the line can be calculated by means of 

AL, sin4 = fi 3.08 G H z  (P/kPa)a - fl177.8 MHz(p/kPa)  a, (6) r,/W  
where fl and 5 are still free parameters of order one. 
Because the laser line is very narrow-banded, the spectral 



emission profile of the laser in (5) can be approximated by 
a 6 function: 

+ a o  

6(v - Vcoa) o((v)dv 
0 

= ~ ' ( V C 0 2 )  ~ -  S ( U c o 2 ) P S i H 4  ( V c o 2 ,  U S i H 4 ) .  (7) 

The resulting normalized Voigt profile of the absorption 
line can be written as 

2 1/~2 1 ( A + W e x p ( - x 2 ) d x ~  
PSiH4(VCO2'VSiH4) = ~ 7~ AD, SiH4 ) c o A - 2 - 7 ~ - T X - ~ )  

(8) 

with 

A = A (p) - -  A L  S i l l 4  (P) x/In 2 (9) 
AD, Sill4 

and 

AAE 2 l x ~ .  (10) 
B = B (AAE) AD, Sil#4 

The convolution integral in (8) reduces to 

+~ exp( - x2)dx ~ (11) 
; A 2 + ~ B - m ~ A 2 + B  TM 

- o o  

because the contribution of the Voigt profile at the spec- 
tral position of the emission line is dominated by the 
Lorentz component. Therefore, we have: 

2S(vco2) 1 
(. 2AAE )2" (12) 

~' = ~' (p; fi, c~) ZEAL, Sill4 (P) 1 + \AL, Sil-14 (P) 

If additionally a non-resonant contribution % is con- 
sidered, one obtains for the total absorption coefficient c~: 

c<= c( + ~o- (13) 

A comparison with experimental data by Haggerty and 
Cannon [4] for the absorption of CO2 laser radiation at 
the 10P(20) line by silane shows that for fi = 1.25 and 
c~ = 1.6 in (6) and % = 0.35 x 10- 2 Pa -  1 m-  1, the theoret- 
ical curve 

7.78(p/kPa) 1.6 ) 
~(P) = 1 + 16.4(p/kPa) -3"2 + 0.35 x 10 -e Pa -1 m -1 

(14) 

fits the experimental data in a satisfying manner. In Fig. 7, 
the experimental and theoretical curve are shown to prove 
this result. Obviously, the absorption measured by Hag- 
gerty and Cannon can be explained by the absorption of 
a single silane molecule in the vibrational ground state 
under the influence of its self-broadening. In our experi- 
ments with high spectral energy density of the light source, 
a different absorption behaviour could be stated, as given 
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Fig. 7. Pressure dependence of the absorption coefficient ~ for 
silane vs pressure p at the 10P(20) laser line and low spectral energy 
density OPh = 10-~2 Jsm 3 

in Fig. 2. In the following section, a model is introduced 
which elucidates the differences between the two measure- 
ments. 

3.2 Rate-equation model 

The mechanism discussed in detail in section 3.1 describ- 
ing the absorption of CO2 laser radiation by silane does 
not take into account any intermolecular transfer of ab- 
sorbed energy between the silane molecules, but only the 
intramolecular radiative transition between the vibra- 
tional ground state and the first excited state. In the 
following, a rate-equation model for the absorption is 
presented which besides radiation processes also allows 
homomolecular vibrational vibrational (V-V) and vibra- 
tionaDtranslational ( ~ T )  collisions as possible pathways 
of energy transfer between the excited molecules. In par- 
ticular for silane, the V-V processes are very efficient 
[15, 16]. 

3.2.1 Assumptions. The absorption model is based on the 
following assumptions: 
• Only vibrational states up to v4 = 3 are considered and 

only transitions between neighboured vibrational 
states, kv4 = _+ 1, are allowed. 

• Intramolecular energy transfer to other fundamental 
modes is neglected. 

• The rotational levels within one vibrational state are 
not considered. 

• A constant gas temperature of T = 300 K is assumed. 
• Diffusion processes are neglected. 
• The following relaxation and excitation mechanisms 

are included: 
(i) Absorption of laser photons between the vibrational 

ground level and the first excited level of the funda- 
mental mode re(f2) (Sect. 3.1): 

SiH4(v4 = 0) + hv ~ SiH4(v, = 1). (15) 

Due to the anharmonicities of the molecular poten- 
tial, absorption of laser photons by vibrationally 



268 

excited molecules is unlike [15]. The height of ab- 
sorption is ruled by the Einstein coefficient Bol. 

(ii) Spontaneous emission 

SiH4(v4 = 1) --, SiH4(v4 = 0) + hv, (16) 

ruled by the transition probability Alo. 

(iii) Induced emission 

(iv) 

SiH4(v4 = 1) + hv~SiH4(v4 = O) + 2by, (17) 

ruled by the Einstein coefficient Bx0. 

For  the adequate description of the pressure-de- 
pendent absorption discussed in Sect. 3.1, the ab- 
sorption profile according to (4) and (14) is taken 
into account within the corresponding terms for 
absorption and induced emission of the rate equa- 
tions. The introduction of particle densities instead 
of partial pressures is useful for the modelling; 
therefore, instead of PSiH4(VCOz, VSiH4 , p )  the corres- 
ponding line profile P(n):= Psim(Vco~, Vsim, n) is 
taken. 

(v) Energy transfer by means of intramolecular V-V (vi) 
collisions: 

(+) 
Kl. l ;0 ,2 

SiH4(v4 = 1) + SiH4(v4 = 1) ~ SiH4(v4 = 0) 
K ( ) 1,1:0.2 

+ SiH4(v4 = 2) + AEI,1;0,2 (18) 

SiH4(v4 = 1) + SiH4(v4 = 2)/~'~.~I0,~___, SiU4(v4 = 0) 
K ( - )  1,2;0,3 

+ SiH4(v4 = 3) + AEa,2;0,3 (19) 

K ( + )  

SiH4(v4 = 2) + SiH4(v4 = 2) -~- 22~ SiH~(v4 = 1) 

+ SiH~(v4 = 3) + AE2,2;1,3. (20) 

The energy difference AE~,,,;~,~ is released by the 
collision. If E(v4 = n) is the energy of the n-fold 
excited vibrational level, e.g., the relation 
AEI ,1 ;0 ,  2 = E(v  4 = 1) + E(v4 = 1) - [E(v4 = O) + 
E(v4 = 2)] holds. In the case of the harmonic oscil- 
lator with equidistant energy levels, AE1,1;0,2 = 0, as 
well as the two other energy differences considered 
here. As a result of anharmonicities in the molecular 
potential, the differences between adjacent vibra- 
tional energy levels are usually decreasing for the 
higher vibrational states, and the values for AE~,~;~,~ 
are not zero. In the model discussed here, they are 
considered equal: AEvv:= AE1,1;0,2 = AE1,2;0,3 = 

1 AE2,2;1,3. For  AEvv, a value of 10.48 cm-  is em- 
ployed in the following because it is rather small 
compared to the thermal energy (208.36 cm-1). If 
the harmonic oscillator is assumed, the rate coeffi- 
cients for the V-V collisions fulfill the requirement 
of detailed balancing, which means for the general 

reaction 

A (v4 = n) + A(v4 = m) 
K ( + )  

n,m:n -- I .m + 1 

K ( - )  
n,m;n 1,m + 1 

A(v 4 = n - 1) 

+ A(v4 = m + 1) 

a relation 

K (+) = n(m + ~u(+)  (21) n , m ; n  1 , m  + l J-,] l X l , 0 ; 0 , 1  • 

For the collisional processes considered here, one 
obtains: 

K(+) = 2K, v(+) = 3K, v(+) = 6K, 1,1 , ;0 ,2  a x l , 2 ; 0 , 3  "~-2 ,2 ;1 ,3  

(22) 

where the definition K:=  ~(+) is used. • x 1 ,0 ;0 ,1  

In the case of local thermal equilibrium at a gas 
temperature T, the rate coefficients K (+) and 
K ( ) are related to each other by the Boltzmann 
factor: 

K ~-) ( aevv) 
K(+) - exp ~ -  / =:flvv. (23) 

Energy transfer by means of intramolecular vibra- 
tional-translational collisions: 

SiH4(v4 = 1) ~'.-- SiH4(v, = 0) + AE1;0, (24) 

M (+) 

SiH4(v,~ = 2) ~ '  SiH4(v4 = 1) + AE2;~, (25) 
M ( - )  2;1 

M (+) 

Sill4 (v4 = 3) ,-~2 SiH4 (v4 = 2) + AE3;  2 . (26) 
M (  ) 3;2 

The difference between the first vibrationally excited 
level and the vibrational ground level is calculated 
to be AEI:0 = E(v~ = 1) - E(v4 = 0) = hVsiH4 = 944.213 
cm-  1. In the model considered here, the energy levels 
of the vibrational states are equidistant as mentioned 
before, which means: AEvT: = 944.213 cm-  1 
= hVsiIt4 = AE1;0 = AE2;~ = AE32. As for the V-V 

collisions, a relation among the rate coefficients for 
~ T  collisions is valid in the approximation of the 
harmonic oscillator: 

M (+) 

A(v4 = n) ~-2-~-' A(v~ = n - 1), 
M ( ) 

n;n - 1 

M (+) ,Ml+o ). (27) n ; n  - -  1 = 

For the collisional processes considered, this leads to: 

M(+) 1M, ~/t(+) 2M, M (+) 3M, (28) 1;0 ---- l v a 2 ; 1  ~-- 3 ;2  ~-- 

~4(+) is used. where the definition M: . . . .  ~;0 
The detailed balance gives (as before) the relation 
among the rate coefficients M (+) and M(-): 

M,-) ( Aew) 
M(+) - exp kB T ] = : fivv. (29) 
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Fig. 8. Energy transfer processes considered in the kinetic model 

A survey of the processes taken into account by the 
absorption model is given in Fig. 8. 

3.2.2 Rate equations. The population density of the vi- 
brational levels v4 = 0, 1, 2, 3 (Fig. 8) follows from a rate- 
equation system which balances the processes discussed 
before and is applied here to the stationary case. As 
a result, one obtains the four rate equations for the popu- 
lation densities no, n~, n2, and n3 of the different vibra- 
tional states v4 = 0,1,2,3 from the relations: 

! dno 
0 -  

dt 
-- Op, Bo,noP(n)  + A lon l  + oehBlonlP(n) 

+ K E2(n~ - fivvnon2) + 3 ( n l n 2  - -  fivvnon3)] 

q- M [-(ni -- flVTnO)], (30) 

dn~ 
0 - -  

dt 
q- ~ O e h B 0 1 n o P ( n  ) - A l o n l  - O p h B l o n l P ( n )  

+ K[  - 4(n 2 - fvvnon2) - 3(nln2 - fivvnon3) 

q- 6 ( n 2  2 - -  /~VVnln3)  ] -}- M [ -  - -  (n  1 - -  f iVTn0)  

q- 2 ( n 2  - -  f i V T n l ) ]  , (31 )  

! dn2 
0 - -  

dt 
+ K [2(n 2 -- flvvnon2) - 3(n,n2 - flvvnon3) 

- 12(n~ - f i v v n l n 3 )  ] 

+ M [  - 2(n2 - fivTnl) + 3(n3 - fiVTn2)], 

! dn 3 
0 - -  

dt 
+ K [3(,hn2 -- fivvnon3) + 6(n~ -- fivvn,nB)] 

if- M [ -  - -  3 ( n  3 - - f i V T n 2 ) ] .  

From (33), one obtains 

n3 = n3 (no, nl, n2; x). 

Here, _K: = (n, K, M, fivv, fiVT, B0> B10, A10) is the general 
set of constants for the rate-equation system. Introducing 
the total particle number density n and the equation 

n o ~- n - -  (n  I -~- n 2 -}- riB) , (35) 

one can see by insertion into (34) that n3 merely depends 
on nl and n2 :  

n3 = n3(nl, nz;K). (36) 

According to (35), also no depends only on n, and n2: 

no = no(n,, n2;K). (37) 

After insertion of (37) and (36) into the nonlinear equation 
system (30-33), the solutions 

n~ = n~ (0Ph; _K) (38 )  

and 

n2 = n2 (0Ph; ~) ( 3 9 )  

follow. 

Finally, the variation of the spectral energy density along 
the axis of the absorption chamber is given by the photon 
balance equation 

d O p h  ( Blo ) 
dx  aolP(n) no - Bo--~lnl 0eh, (40) 

with the molecular absorption cross section do1. 

3.2.3 Results o f  the model. At first, all parameters re- 
quired to solve the set of rate equations are gathered. 
Refering to (3), the spectral energy density of the laser at 
the entrance of the absorption chamber is about 10 - 1 °  

Jsm- a (Tab. 1). As transition probability A~ 0 for spontan- 
eous emission, the value of the CO molecule is representa- 
tively taken, which is in the range of 10 s- 1. The Einstein 
coefficient B~o for induced emission can be calculated to 
be 

,~3 
31o = ~ A10 = 7 x 101Vm3j-ls -2, (41) 

where h is Planck's constant and 2 the laser wavelength. 
Because the v4 fundamental vibration of silane is threefold 
degenerated, the Einstein coefficient Bol for absorption is 

Bol = 3Blo = 2 x l@Sm3j - 1 S - 2 .  (42) 

Following the ideal gas equation at room temperature, the 

(32) populatiOnare betweendensities0 and 4.sn~x f~(~ 2them -pressures. range 0 20 kPa 

The magnitude of the Boltzmann factor fivv (23) is 
dominated by the energy difference AEvv. With 
AEvv = 10.48 cm-1, one gets fivv = 0.95, which means 

(33) that the rate coefficients for the back and the forth reac- 
tion differ only by 5%. Considerably smaller is the factor 
fivw for the vibrational-translational collisions (29). For 
room temperature, a value fiVT = 10 -2 is typical, using 

(34) AEvT = 944.213 cm-1. 
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In contrast to molecules like CO and CO2, which play 
important roles in laser discharges [17, 18] and are there- 
fore the object of intensive research, no data for silane are 
known to the authors, as far as the rate coefficients K (vi- 
brational-vibrational collision) and M (vibrational-trans- 
lational collision) are concerned. Measured rate coeffi- 
cients for a CO-CH4 system and the pressure regime 
discussed here have magnitudes o f K  = 5 x l 0  - 2 °  m 3 s -1 
and M = 104 s- 1 [19]. Compared to the heteromolecular 
CO CH4 system, V-V transfer occurs much faster in the 
case of the homomolecular silane system because it is fully 
resonant. Moreover, the silane molecule reaches the Vi- 
brational Quasi Continuum (VQC) already at moderate 
excitation (v4 > 3) [20]. The VQC is characterized by very 
dense energy levels. The mentioned effects are considered 
in the modelling by a factor K = 5 x 10- ~v m 3 s- 1, which 
is three orders of magnitude higher than that of the 
CO-CH4 system. In a similar way, the vibrational trans- 
lational coefficient is assumed to have a rather high value 
of M = 1 0 7 s  -~, so that now the set of constants 
t<: = (n, K, M, flvv, flw, Boi, Blo, A10) is fixed. 

The modelling was performed with Mathematica for 
Windows. At first, the numerical program calculates an 
interpolation table for n~ and n 2 as function of the spectral 
energy density QPh and determines [according to (37)] the 
population density no of the vibrational ground state 
v4 = 0. In a last step, the differential equation (40) is solved 
stepwise by numerical methods within the interval 
O<_x<_d. 

A first result of the model is the dependence of the 
spectral energy density on the absorption length for 
p = 20 kPa. In Fig. 9, 0eh is shown for a starting value of 
OPh = 10 -a2  J s m - 3 ,  which corresponds to the case inves- 
tigated by Haggerty and Cannon [4], and for 
QPh = 10-~o J s m - 3 ,  which is characteristic for the laser 
employed in this work. The constant slope in the semi- 
logarithmic plot valid for the low spectral energy density 
reflects the fact that the absorption can be described by 
the integral Lambert-Beer law : 

Oeh (X) = Oeh (X = O) e -  ~px. (43) 

Assuming a 100 times higher spectral energy density 
(0ph = 10-1°Jsm-3) ,  the model yields quite different 
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Fig. 9. Calculated spectral energy density Oeh with beam entrance 
values o f ~ h =  1 0 - 1 2 j s m  -3 (---) and 0eh= 10 l ° J s m - 3  (--) vs 
absorption length d 

results. Now, the spectral energy density can no longer be 
described by the integral Lambert Beer law in (43). In this 
case, the absorption coefficient ~ is only defined locally 
when preceding along the axis of the absorption chamber. 

The population density distributions are strongly de- 
pending upon the spectral energy density, as shown in 
Fig. 10. At low spectral energy density, a substantial devi- 
ation of the population densities of excited states from the 
thermal equilibrium state for 300 K occurs only at the 
entrance of the absorption chamber. In contrast to that, 
a high spectral energy density has a strong influence on 
the population of the vibrational states of the molecule 
leading to a distribution which deviates from thermal 
equilibrium. When the spectral energy density diminishes 
to a value where the population densities of the vibra- 
tional states are in the vicinity of thermal equilibrium, the 
local absorption behaviour can be expressed by the inte- 
gral Lambert-Beer law. 

Corresponding hypothetical vibrational population 
temperatures T~ of the excited states v = 1, 2, 3 exposed to 
a radiation field are calculated from the population dens- 
ities by using the following equation: 

AEvT 

kB" l n \  n~ + l n  

(44) 
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where Gv = ½(v + 1) (v + 2) is the degeneracy factor for 
a three-fold degenerate vibration excited by v quanta 1-21]. 
The results are given in Fig. 11. Notice that at low spectral 
energy density, the calculated vibrational temperatures 
are nearly independent of the considered state. Starting 
with the highest value of 403 K for the third excited state 
at the entrance of the absorption chamber, the vibrational 
temperatures decrease exponentially to the gas temper- 
ature (300 K). For a given absorption length, all vibra- 
tional states are in thermal equilibrium among each other, 
characterized by a temperature T, the latter having its 
maximum at the entrance of the absorption chamber. This 
means that the energy transfer processes are able to dis- 
tribute the absorbed laser energy from the first excited 
state to all vibrational states involved, according to the 
Boltzmann factor. 

The situation alters when the spectral energy density is 
100 times higher. Especially at the entrance of the absorp- 
tion chamber, the formally defined vibrational temper- 
atures are quite different, as can be seen from Fig. 11. For 
the model considered here, they grow up to 1370 K for the 
third excited state. This can be explained on one hand by 
the raised population of the first excited state due to the 
high absorption rate of laser photons. Another reason is 
an efficient energy transfer to the residual states together 
with negligible vibrational-translational relaxation rates. 
With decreasing spectral energy density, when preceding 
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along the absorption cell, the different vibrational temper- 
atures converge and finally reach the gas temperature, 
similarly to the low-spectral-energy-density case. 

The pressure dependence of the absorption coefficient 

= const x \~Oeh(X , (45) 
P 

for a fixed absorption length d = 20 and a low spectral 
energy density, is shown in Fig. 12, which is in a good 
agreement with the measurements of Haggerty and Can- 
non (Fig. 7). Figure 12 shows also the pressure dependence 
of the absorption coefficient for a high spectral energy 
density. The plot describes qualitatively the absorption 
behaviour measured here (Fig 2), where in contrast to the 
low-energy-density case the absorption coefficient does 
not decrease with increasing pressure after reaching 
a maximum. Nevertheless, it should be mentioned that in 
the case of a high spectral energy density, the absorption 
coefficient is averaged over the absorption length due to 
the deviation from the integral Lambert-Beer law (Fig. 9). 
The latter effect takes place if the spectral energy density 
of the laser light used for the absorption measurements is 
high enough to disturb significantly the thermal popula- 
tion of the vibrational states. Then, the vibrational-vibra- 
tional and vibrational-translational collisions are no lon- 
ger able to distribute the whole absorbed radiation energy 
over the vibrational states involved according to the Bol- 
tzmann factor. The rate-equation model presented here 
describes in a satisfying way both the pressure dependence 
of the absorption coefficient for silane measured in this 
work and the silane absorption data given in literature. It 
could be shown that the measured absorption behaviour 
depends critically on the magnitude of the spectral energy 
density of the laser employed. 

4 Conclusion 

Absorption measurements on the gases silane, ammonia, 
acetylene, and the silane/argon and silane/diborane 
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mixtures,  which are impor t an t  for ultrafine powder  pro-  
duction, were per formed in the spectral  range of the CO2 
laser f rom 9.2 to 10.8 gm and in the pressure range 
0-100 kPa.  In agreement  with already published data,  the 
measurements  confirmed that  for the 10P(20) laser line, 
silane has the strongest  absorp t ion  of all gases investi- 
gated here. Within the accessible pa rame te r  range, the 
highest absorp t ion  coefficient measured  for silane was 
~ = (3.25 +_ 0.33) x 1 0  -2 P a - l m - a a t  a pressure of 
20 kPa.  Fo r  Sill4, the pressure dependence of the absorp-  
t ion coefficient observed in this work  differs significantly 
f rom the measurements  of Hagger ty  and Cannon  [-4]. The 
ra te-equat ion model  in t roduced in this work  made  it 
possible to explain this absorp t ion  behaviour  by the high 
spectral  energy density of the CO2 laser employed  here. 
Fo r  ammonia ,  the measured  absorp t ion  behaviour  on the 
10P(20) laser line agrees with literature. The absorp t ion  
coefficient is considerably lower than  that  of silane and 
reaches (4.5 + 0.8) x 10 -4  P a - l m  -1 at 20 kPa.  Its max-  
i m u m  is observed at the 10R(6) laser line (7 x 10 -3 
P a -  1 m -  1 at p = 2.5 kPa). 

In compar i son  to silane, the absorp t ion  coefficient of 
acetylene and d iborane  is ra ther  low ( <  2 .1x  
10- s P a -  1 m -  1 for acetylene). 

Measurements  on s i lane/argon mixtures  demons t ra te  
that  for the p roper  choice of appropr ia te  reactant  gas 
mixtures  with respect to the appl icat ion for the pyrolysis 
process, it is not  sufficient to use absorp t ion  data  of  the 
pure gases. Besides the spectral  energy density (average 
laser power), the IR  absorp t ion  of silane at the 10P(20) 
laser line depends also strongly on the compos i t ion  of the 
gas under  investigation. 
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