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Abstract

Tetramethyl germane was decomposed using laser sensitized photochemistry. Sulfur hexafluoride, a sensitizer, was added to gas phase
tetramethyl germane and irradiated using a carbon dioxide, infrared, continuous wave laser under variable experimental conditions. The gas
phase reactions were monitored before and after reaction using both Fourier transform infrared spectroscopy and gas chromatographic/ mass
spectral techniques. End product analysis showed that methane, ethene, and ethyne were the primary gaseous products. Gesmaniumn was
identified visually as a gray solid. This laser sensitized dissociation of tetramethyl germane was optimized by a variation in irradiations and
conditions such as sample pressure including sensitizer to reactant pressure ratio, laser power, and time. The yield of germane at the | s
irradiation was 33% while at the § s irradiation, at 57% was observed. Both the rate of depletion of tetramethyl germane and the rate of
formation of methane, ethene, and ethyne were determined at numerous irradiation times. Longer irradiation times and higher sulfur
hexatluoride pressures produced higher yields. Experimental data from the time studies were used to generate simulated concentrations of
reactants, reactive intermediates, and products as a function of time to a high degree of accuracy. The rate constants for the laser sensitized
dissociation of tetramethyl germane using sulfur hexafluoride as a sensitizer were determined. Simulation analysis suggests that this reaction
can be fit statistically to an cight-step reaction mechanism. These results are discussed and compared to similar literature studic . of tetramethyl

germane dissociations
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1. Introduction

The objective of this laser sensitized photochemical inves-
tigation of tetramethyl germane is to probe both the kinetics
and the process optimization of the laser sensitized dissoci-
ation of tetramethyl germane. Previous research [1,2] done
in this laboratory with germane and the sensitizer, sulfur
hexafltoride, demonstrated that higher yields of germanium
can be obtained using laser sensitized photochemistry. Sulfur
hexafluoride is a well-known infrared sensitizer which has an
extremely high absorptivity that not only results in the absorp-
tion of more energy from the laser beam but also can increase
the rate of decomposition of the germanium compounds. This
analysis will identify qualitatively the compounds which are
formed through the laser sensitized dissociation of mixtures
of tetramethyl germane and sulfur hexafluoride using a car-
bor dioxide, infrared, continuous wave laser. Both infrared
spectral and gas chromatographic/mass spectral analysis of
the laser sensitized dissociation of tetramethy! germane using
sulfur hexafluoride will be done to seek the optimal experi-
mental conditions. Simulation analysis of the experimental
data will probe the kinetics of this laser sensitized process.
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The highest purity germanium is presently obtained by the
therinal decomposition of highly pure germane |3,4) under
variable conditions [5-10]. The major disadvantage of the
thermal technique is the poor yield which rarely exceeds
709%-80% [3]. The production of germanium films using an
ultraviolet laser is already known [11]. This technique has
the distinct disadvantage that as germanium is deposited, the
rate of deposition of germanium decreases due to the opaque-
ness of the germanium film to the ultraviolet light. However,
germanium is itself transparent to infrared light, making the
carbon dioxide laser a better candidate for laser formation
since the sensitizer has an infrared band [2] at frequencies
accessible to the carbon dioxide infrared laser. The pyrolysis
of alkyl-germanes is also known to give polycrystalline films
of germanium almost free from carbon [12-16].

Recently, in the course of investigating a laser-induced,
selective nitration process, several interesting phenomena
were observed [17-19] involving the use of sulfur hexaf-
luoride as a sensitizer for infrared, laser sensitized processes
cven when the material being used does have an absorption
band which is accessible by the output frequency of the laser
in use, for example, the carbon dioxide infrared laser. It was
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concluded that more of the sensitizer is not necessarily better.
Our studies have clearly shown that not only is there an
optimal quantity of sulfur nexafluoride but there is also an
optimal excitation frequency which is required for the max-
imization of the selective product yield. It is possible that the
prudent use of a sensitizer such as sulfur hexafluoride could
also be beneficial in the production of high yield and high
purity germanium using laser sensitized photochemistry.

Obviously, chemical reactions occur in a series of coupled
chemical reactions which may be consecutive, parallel, or
reversible [20,21]. The time dependence of such reactions is
typically calculated by solving a number of coupled differ-
ential equations. The traditional approach is based on the
deterministic formulation of chemical kinetics in which the
reaction constants are considerced reaction rates and the con-
centrations are considered to be continuous, single-valued
functions of time. This approach assumes that the time evo-
lution of a chemical species is continuous and deterministic.
In reality, the time evolution of a chemically reacting system
is neither continuous nor deterministic. Obviously, the molec-
ular population levels can only change by discrete integer
amounts. In many cases this assumption is not valid arnd
cannot be taken for granted [21].

However, a systematic, computer-oriented procedure has
been developed which uses a simple, compact, and efficient
algorithm that imposes no approximations of the stochastic
formulation of chemical kinetics. This approach, which
appeared and is discussed in a number of publications [ 22-
24}, is particularly suggested for the investigation of laser
photochemical phenomena. This stochastic formulation will
be utilized to analyze the suggested reaction mechanism for
the laser sensitized dissociation of tetramethyl germane.

The rate of depletion and formation data will be utilized in
a simulation algorithm which was based on Gillespie's
method [2w1,22-24] of stochastic time evolation of coupled
chemical reactions. Gillespie's method {21,22=24] is based
on a random number generator which simulates chemical
reactions at increasing reaction times and defined concentra-
tions of the reactants. The experimenal data will be analyzed
s0 that the algorithm will predict the outcome of the reactions
that took place during irradiation. The proposed reaction
mechanism will be supported by this described fitting using
simulation analysis.

2. Materials and experimental details

2.1. Materials

Tetramethyl germane was obtained commercially from the
Aldrich Chemical Co. The sulfur hexafluoride was obtained
from Matheson Gas Products. Purity of the samples was mon-
itored by a comparison of the gas phase infrared spectra to
known spectra [25] and by injection into the gas chromato-
graphic system described below. No purification was deemed
necessary.

2.2. Infrared absorption measurements

The infrared «pectra were recorded on a Mattson Sirius
100 interferometer equipped with a nitrogen purged bench, a
deuterated triglycine sulfate detector, and a potassium bro-
mide beam splitter. The effective resolution was 1 cm ™. Ten
scans were taken for each sample and for reference. A
medium apodization function was used. The Beer's law rela-
tionships were determined and utilized for both sulfur hexa-
fluoride, tetramethyl germane, and all identified gascous
products at several different wavelengths. At all times the
average of three runs was used. The reliability of this tech-
nique was cvaluated statistically.

2.3. Chromatographic measurements

The separation and analysis of all reaction mixtures were
accomplished using u Hewleut-Packard (HP) 5890 gas chro-
matograph equipped with a gas sampling loop and interfaced
to an HP 5970 series mass sclective detector. The chromat-
ographic column was an HP Ultra 2 (cross linked 5% phenol
methyl silicone) of about 40 m length, having a 0.2-mm
interior diameter and 0.22 um film thickness. The volumetric
flow rate was 1.6 cm® min ' (the lincar flow rate was 10 m
min '); the split ratio was 47:1; and the column head pres-
sure was 10 psi. For chromatographic analysis of the reaction
mixture, the initial oven temperature was ambient with no
programming. Identification of the components of the chro-
matographic peaks was attempted using the computer search
routine and the NBS43k Mass Spectra Library. Whenever
possible, component identitics were verified by a comparison
with the gas chromatographic retention times and the mass
spectra to those of known samples. The separation of all the
components was possible with the chromatographic condi-
tions used. The reliability of this method was evaluated sta-
tistically. At all times the average of three runs was used, as
were standard curves prepared using the known compounds.

2.4. General irradiation procedures

Sample handling was accomplished using high standard
vacuum line techniques. The gas phase irradiations were car-
ried out in stainless steel cells (5% 10 cm?) equipped with
O-ring seals [ 26} for securing the windows (5 cm diameter)
onto the cells. The infrared laser beam entered through the
zinc selenide windows at cither end of the cell (traversing a
10 cm path). Potassium chloride windows were used on the
short path length (traversing a S cm path) for recording the
infrared spectra.

All irradiations followed the same general procedure. At
all times the average of three runs was used. The initial samp.¢e
pressures were measured with a MKS Baratron electronic
manometer, consisting of a Type 222B transducer and a Type
PDR-5B power supply digital readout. Infrared spectra of the
gas mixtures before and after irradiation were obtained using
the Mattson Sirius 100 Fourier transform infrared spectrom-
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eter described above. The sample pressures were varied, as
was the ratio of sensitizer to rcactant.

The Coherent Radiation model 41 continuous wave, car-
bon dioxide, tunable laser which provided the energy to drive
the reactions was operated in a single mode at various selected
wavelengths and powers as required for the specific experi-
ment. The wavelength was verified with an Optical Engi-
neering carbon dioxide spectrum analyzer. The powers were
measured by a Coherent Radiation model 213 water-cooled
power meter, and were varied experimentally.

The reaction cell was positioned on a movable stage which
could be translated along the path of the laser beam. All
samples werc irradiated with the cell positioned behind the
focal point where the beam was slightly diverging. The zinc
selenide window allowed a beam transmittance of about 70%
through to the sample. The reported laser powers do not
correet for this window absorption, nor for the difference in
the beam diameter at the sample, as opposed to the diameter
at the power meter when the beam is larger. The beam diam-
eter was approximately 2 mm at the point of entry into the
reaction cell.

2.5. Method of calculation

The original algorithm written by Gillespie [21-24] is in
FORTRAN, and is for one specific sequence of reactions. GW
BASIC was the language used in a similar algorithm. This
algorithm works for almost any sequence of reactions up to
the maximum capacity of the computer memory. All random
number generators were seeded as required, and evaluated to
determine whether each generated a uniformly random dis-
tribution, as required. The algorithm was run on a Wyse PC,
an IBM compatible with a 80 MB hard disk and 654 KB
memory.

The simulation anaiysis consists of an algorithm which fits
the simulated concentrations to the experimentally observed
concentrations at a sclected time. The rate constants are
obtained from the simulation analyses and are modified to fit
any number of experimental concentrations to a specified
degree of fit. As usual for simulations, cycles must be run
and averaged until the variance of the concentrations no
longer decrcases. It is well known that thirty cycles are man-
datory to get statistically significant averages for the concen-
trations of the reactants and the products as a function of time.

3. Experimental results and discussion

The infrared spectrum of tetramethyl germane does not
contain any infrared absorption bands between 900~1100
cm "', This necessitates the utilization of laser sensitized pho-
tochemistry to force the dissociation of tetramethyl germane.
The infrared spectrum of a mixture of tetramethy! germane
and sulfur hexafluoride is shown in Fig. 1(a). Sulfur hexaf-
luoride is present to act as an infrared sensitizer which absorbs
energy from the laser and redistributes the collisional energy
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Fig. 1. Infrared spectra of the laser sensitized dissociation of tetramethyl
germane using sulfur hexafluoride: (a) tetvamethyl germane, 30.0 Torr, and
sulfur hexafluoride, 0.4 Torr; and (b) product mixture after irradiation for
1'sat P(18) of (00°1)-10°0), 946 cm ™", 100 W cm ™2,

to the tetramethyl germane which then decomposes. Typical
experiments involved recording the infrared spectra of sulfur
hexafluoride and tetramcthyl germane using the infrared tech-
nique described above.

3.1. Tetramethyl germane

A wide variety of mixtures of sulfur hexafluoride and tetra-
methyl germane were prepared and irradiated over a wide
range of conditions. Figs. 1(a) and (b) show the infrared
spectra of a typical mixture of sulfur hexafluoride and tetra-
methyl germane before and after irradiation. The Beer's law
absorptivities were determined and used for tetramethyl
germane at 2916 cm ™' and 1240 cm ™' and also for sulfur
hexafluoride at 612 cm ~'. Beer’s law absorptivitics were also
determined and used for all identified gaseous products using
known compounds and appropriate absorption bands.
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Fig. 2. Gas chromatographic/mass spectraof the laser sensitized dissociation
of tetramethyl germane using sulfur hexafluoride. (a) Tetramethyl germane,
31.1 Torr, and sulfur hexafluoride, 0.3 Torr; and (b) product mixture after
ireadiation for 1 s at P(18) of (00°1)=(10°0),946 cm™', 100 W cm "%,

Sulfur hexafluoride is present to act as an infrared sensitizer
which absorbs energy from the laser and redistributes the
collisional energy to the tetramethyl germane which then
decomposes. The energy associated with these reactions was
also emitted as both light and heat, The gray solid on the
interior of the cell confirmed the presence of germanium. The
products that were formed by repeatedly irradiating the sam-
ples of tetramethyl germane and sulfur hexafluoride included
methane, ethene, and ethyne. The concentration of all reac-
tants and products except germanium and hydrogen was
closely monitored, including sulfur hexafluoride which did
not change in concentration at any time as a result of the
irradiations.

Samples of tetramethyl germane and sulfur hexafluoride
mixtures were also injected into the Hewlett Packard Model
5890/5970 gas chromatograph/mass spectrometer and ana-
lyzed both before and after irradiation. Figs. 2(a) and (b)
show a typical gas chromatogram of a mixture of sulfur hex-
afluoride and tetramethy! germane before and after irradia-
tion. The mass and infrared spectra, including the group
frequencies [25,27-29], were also used to identify the gas-
eous products formed and the concentrations of the products.
As stated, repetitive experiments were performed.

As shown by the gas chromatography/mass spectral anal-
ysis the gaseous products that were formed by repeatedly
irradiating the samples of tetramethy! germane and sulfur
hexafluoride included methane, ethene, and ethyne. The con-
centration of all the reactants and products except germanium
and hydrogen was closely monitored using gas chromato-
graph/mass spectral techniques, including sulfur hexafluor-
ide which did not change in concentraticn at any time as a
result of the irradiations.

3.2, Laser sensitizer optimization

A varicty of mixtures of sulfur hexafluoride and tetrame-
thyl germane were prepared and irradiated over a very specific
range of conditions, These experiments varied in sample pres-
sure, the ratio of the pressures of sulfur hexafluoride to tetra-
methyl germane, laser power, and irradiation time. The
different experiments were designed and used to both deter-
mine the optimum rate of decomposition and the best ratio of
sensitizer to reactant for the maximum yield of germanium
as stoichiometrically related to reactant depletion. Analysis
using both techniques was combined for these optimization
trials,

Initially, tetramethyl germane pressures were varied from
approximately two torr to the vapor pressure of tetramethyl
germane. Simultaneously, the sulfur hexafluoride was varied
from a sample pressure of 0.2-3.5 torr. These samples were
irradiated at a constant time (1 3), and a constant laser power
(50 W cw?) using the laser output frequency described
below. Fig. 3 shows the optimization of the ratio of sensitizer
pressure to the sample pressures. The optimal ratio obtained
from that series of experiments is 0.8 torr of sulfur hexaf-
luoride to 30.0 torr of tetramethyl germane.

The power was varied using the optimal ratio of sensitizer
to reactant. The time was held constant at | s. As shown in
Fig. 4, the power was varied from 25-100 W cm ™ in separate
experiments. In this and some other laser sensitized processes,
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Fig. 3. Dependence of the yield of germanium on sensitizer pressure. Irra-
diations used 30.0 Torr of tetramethyl germane, 1 s irradiation tiine, and 50
W cm™2at P(13) of (00°1)-{10°0), 946 cm ™"
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Fig. 5. Dependence of the yicld of germanium on irradiation time. lradia-
tions used a sensitizer 1o reactant ratio of 0.8/30.0 Torr, variable times, and
a power of 100 W cm “ 2, at P(18) of (00°1)-(10°0), 946 cm ™",

the higher the power, the higher the yield of product, specif-
icall);. germanium. The optimal laser power was 100 W
cm”4,
Separately, using those optimized conditions, the time was
varied in discrete steps from 0.1~10.0 s at P(18) of (00°1)~
(10°0), 946 cm ™', 100 W cm ~2. As shown in Fig. 5, there
is a reaction threshold time at one s. The yield increases and
then levels off after 5 s of irradiation time. The percent yield
of germanium obtained was 33% and 57% at 2 and 5 s irra-
diation time, respectively, at what is felt to be optimized
experimental conditions.

3.3. Simulation analysis

The experimental data at both 1 and 5 s of irradiations was
evaluated and the initial ratcs of the depletion and the reaction
constants were estimated for use in the simulation analysis.
Several reaction mechanisms were suggested and proven
unsucessfully by lack of fit to the experimental data. Unsuc-

Table 1
Reaction mechanism and rate constants

Reaction c?
(CH,)4Ge — (CH;);Ge’ + CHy' 04196
(CH,3)3Ge” — (CH,),Ge’+ CHy 12.97
(CH;),Ge'— (CH,)Ge' + C:ly” 13.72
(CH;)Ge' - Ge +CHy 14.85
2CHy - C;Hy + 2H' 32.80
2CHy - C;H, +4H' 0.2842
CHy'+H - CH, 20.95
2H' - H; 6.370

® Obtained from simulation anaiysis of fit to 10% of experimental data using
four different measured concentrations.

cessful means that the simulation analysis was applicd and
the rcaction mechanisms did not fit to the experimental data.
Therefore these mechanisms were excluded.

The specific reaction mechanism which fit is similar to that
suggested in the pyrolytic decomposition [30-32] and is
listed in "Table 1. Of the mechanisms tried, only this reaction
mechanism fit, The experimental results were simulated and
finally fit to within ten percent of experimental quantitics
which included the reactant and three products. The reaction
rate constants obtained from the simulation analysis are listed
in Table 1. The simulated concentrations of tetramethyl ger-
mane and all products as a function of time are shown in Figs.
6(a), (b) and (c), along with the experimental results which
were utilized originally to estimate and fit.

4. Conclusion

Using both infrared spectral and gas chromatographic/
mass spectral techniques, the products that were formed by
repeated irradiation of the sampies of tetramethyl germanc
and sulfur hexafluoride included methane, ethene and cthyne.
Germanium was also presented as a product at all times
observed in the form of a gray solid in the cell.

Mixtures of sulfur hexafluoride and tetramethyl germane
were prepared and irradiated over a very specific range of
conditions. These experiments varied in sample pressure, the
ratio of the pressures of sulfur hexafluoride to tetramethyl
germane, laser power, and irradiation time. These different
experiments were designed and used to both determine the
optimum rate of decomposition and the best ratio of sensitizer
to reactant for a maximum yield of germanium. Analysis
using both techniques was combined for these optimization
trials. Concentrations were computed using Beer’s law rela-
tionships and standard gas chromatographic curves.

The irradiation of tetramethyl germane showed how the
variation in pressures, irradiation times, laser powers, and the
use of a sensitizer can have an impact on the depletion rates.
Experimentally higher pressures for the reactant gave higher
yields. This is beneficial if higher yields of germanium are
needed. A variation in the lascr power can also increase the
rate of depletion by providing the mixture with more energy,
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Fig. 6. Average experimental and simulated concentration versus time data
for the dissociation of tetramethyl germane into products: (a) Average
depletton of tetramethyl germane as a function of time. The line shows the
simulated results, Experimental data is shown by filled squares; (b) average
formation of germanium, methane, and ethene as a function of time. The
lines show the simulated results. Experimental data for methane and ethene
i3 shown by open boxes and boxes with an X, respectively; and (¢) average
formation of ethyne and hydrogen as a function of time. The lines show the
simulated results, Experimental data for ethyne is shown by X's.

which is effectively a higher temperature. Variation in the
irradiation times clearly showed that there is areaction thresh-
old at one s. Although longer irradiation times increases the
rate of depletion, most of the dissociation of tetramethyl ger-
mane takes place in S s, as is supported by the simulation
analysis. The highest experimental yield was achieved using,
specifically, the mixture of 0.8 torr of sulfur hexafluoride
with 30.0-31.0 torr of tetramethyl germane at § s irradiation
time and 100 W cm ™2 at the already described output line.
The percentage yield of germanium was 33% and 57% at 1
and 5 s irradiation time, respectively.

Numerous reaction mechanisms were considered, with the
best and only simulation analysis fit being the one which is
identical to that suggested in a pyrolytic study [30] of tetra-
methyl germane. The reaction mechanism used to simulate
the reaction rates obtained from our fit to experimental data
is given in Table 1. Experimental and simulated results are
s!lown in Fig. 6. The simulation analysis conclusion is very
similar to those conclusions from the kinetic study of tetra-
methyl germane done by stock tube analysis [ 33]. Simulation

analysis implies, as stated, statistically significant averages
and statistically significant fitting. The fact that these reaction
mechanisms fit does not mean that other reaction mechanisms
might not only fit, but be a better explanation than what is
used here.

These results, both experimental and simulated, compare
favorably with the results reported in the kinetic studies [ 30—
32] of the pyrolysis. The pyrolysis study reported the pro-
duction of predominantly methane, 90.5%, with ethane and
hydrogen present in approximately equal quantities under
certain conditions. Their kinetic relationships [30-32] were
assumed to be accurate and were used to calculate the reaction
temperatures for the laser sensitized photochemical dissoci-
ation of tetramethyl germane. These calculated temperatures
ranged from 798-818 K, which is a good estimation of the
temperatures of these laser sensitized processes. Itis a similar
to the effective beam temperatures reported in a similar study
of the laser-induced dissociation of germane [34]).

Simulation analysis based on D.T. Gillespie's theory was
used successfully to determine simulated concentrations that
are accurate to within ten percent or better for four different
substances: one reactant and three products. Simulation anal-
ysis also was used successfully to evaluate and support the
choice of a reaction mechanism to a high degree of accuracy
using fit to experimental data, to exclude some mechanisms,
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