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Photodissociation of multilayered 
trimethylaluminum adsorbed on a cryogenic 
substrate: a time-of-flight mass-spectrometric 
study 
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Photodissociation of trimethylaluminum 
[Al(CH,),] adsorbed on a silica (SiOJ substrate at 
110 K has been studied by multiphoton ionization 
time-of-!light mass spectrometry. Translational 
energy distributions of aluminum and AICH, frag- 
ments can be fitted with a composition of two 
Maxwell-Boltzmann distributions. The two com- 
ponents are attributed to different environments 
of photodissociating parent molecules in the multi- 
layer. 
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1 INTRODUCTION 

Alkyl metal compounds such as trimethylalumi- 
num [Al(CH,),] or trimethylgallium [Ga(CH,),] 
have been frequently utilized in chemical vapor 
deposition (CVD) processes for the micro dry 
processes of semiconductors. There are a variety 
of CVD methods presently available. In particu- 
lar, the photo-CVD method attracts wide interest 
because selective photoexcitations of various 
organometallics can be achieved by using visible 
and UV lasers. For example, UV excimer lasers 
have been used as the dissociation light source in 
many investigations; for reviews, see (for exam- 
ple) Refs 1-5. Higash? studied UV (193nm) 
photodissociation of Al(CH,), on oxide (A1203, 
SiOz or Si02/Si) substrates at room temperature. 
He detected methyl radicals by a quadrupole 
mass spectrometer, and found that the kinetic 
energy associated with methyl radicals was only 
25 meV, a surprisingly small amount compared 
* To whom correspondence should be addressed. 

with the available energy (3.5 eV). Effective dissi- 
pation of excitation energy to the surface was 
indicated. Zhang and Stuke’ studied photodisso- 
ciation (at 308, 248 and 193nm) processes of 
trimethyl-, triethyl-, and tri-isobutyl-aluminum 
(AIR,) adsorbed on a silicon and/or quartz sub- 
strate at room temperature. The major 
aluminum-containing products detected were alu- 
minum atoms and AlH and AlCH3 fragments. 
The velocity distributions of Al+ and AlCH: did 
not fit to the Maxwell-Boltzmann (MB) distribu- 
tion. Orlowski and Mantell* detected CH3 and 
Al(CH3), (n = 1,2,3) species by laser photodisso- 
ciation (193nm) of Al(CH,), adsorbed on 
aluminum-coated silicon and Si02 substrates at 
room temperature. The obtained time-of-flight 
data of the fragments were fitted to the MB 
distributions. In addition they have observed 
AlH2 fragments upon photodissociation. In the 
present study, multiphoton ionization time-of- 
flight mass spectrometry was applied to study the 
photodissociation of A1(CH3), adsorbed on a 
cryogenic quartz substrate. Translational energy 
distributions of the photofragments (A1 and 
AICHJ are reported, and the photodissociation 
mechanism is discussed. 

2 EXPERIMENTAL 

The experimental apparatus for multiphoton ioni- 
zation (MPI)/time-of-flight (TOF) mass- 
spectrometric measurements is shown schemati- 
cally in Fig. 1. The vacuum chamber was eva- 
cuated with a 6-in (15-cm) diffusion pump 
(1400 1 s-l) backed up by a rotary pump. Pressure 
in the chamber was maintained below 2x 
10-6Torr when a sample gas was introduced. 
Trimethylaluminum [ Al( CH,),] was purchased 
from Aldrich. Since AI(CH,), has a low vapor 
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Figure 1 
spectroscopic measurements. 

A schematic view of the apparatus for multiphoton ionization TOF mass- 

pressure (20Torr at 297K), seeded sample gas 
was prepared by bubbling helium gas through 
liquid AI(CH3)3. 

A quartz (SiOJ substrate in the chamber was 
cooled to approx. 110K by liquid nitrogen. The 
sample gas was injected onto the quartz substrate 
through an electric fuel injector (duration approx. 
0.5 ms, 2 Hz). AI(CH3)3 molecules are dimerized 
on the cooled substrate at 110 K. 

An ArF excimer laser (Lambda Physik 
LPX-100) was used as a photodissociation light 
source. The laser light was focused by a quartz 
lens ( f= 200 mm) on the substrate. Typically the 
laser flux on the substrate was 30mJcm-*. 
Photodissociated fragments were desorbed and 
entered the ionizing region of the TOF mass 
spectrometer, where they were ionized with a dye 
laser (Lambda Physik FL-3000) pumped by a 
XeCl excimer laser LPX-100. The laser wave- 
length between 440 and 450nm was selected by 
using Coumarin 440 dye. Dye laser pulses 
(-10 mJ) were focused into the ionization region 
in the chamber by a quartz lens (f= 300 mm). 
The ions were detected by a home-made TOF 
mass spectrometer (a 50cm drift region) 
equipped with a Channeltron ion detector (Gali- 
leo). The ion signal was amplified by an HP-4900 
preamplilfier and fed to a Lecroy 9400A digital 
oscilloscope (typical sampling time was 10 ns). 
The data were analyzed by a microcomputer 
(NEC PC-9801). All timings were controlled by a 

home-made sequence controller. By varying the 
time delay between the desorption and the ioniza- 
tion lasers, one can obtain the TOF distribution 
of a particular fragment. 

3 RESULTS AND DISCUSSION 

3.1 Observed photofragments 
Resonance-enhanced multiphon ionization 
(REMPI)/TOF mass-spectrometric measure- 
ments of photofragments of A1(CH3X were per- 
formed at several wavelengths at which effective 
ionization of observed fragments (Al, AlCH3 and 
A1H) can be achieved. 

A typical TOF mass spectrum of the photofrag- 
ments is shown in Fig. 2. The spectrum was 
averaged over 100 times. It was confirmed that 
there were no background signals due to residual 
vapor samples. The delay time between the disso- 
ciation and the ionization laser pulses was -22 ps. 
Two distinct peaks were observed in Fig. 2 at 
mass numbers of 27 and 42, corresponding to 
aluminum (Al+) and monomethylaluminum 
(AICH; ) ions, respectively. The relative intensity 
of these TOF signals was found to change drasti- 
cally with the dye laser wavelength. In Fig. 2 the 
dye laser was tuned to excite the CIA, t X ' A ,  
transition of AICH3 (22624 cm-I).' When the 
wavelength of the dye laser was chosen so as to 



PHOTODISSOCIATION OF ADSORBED TRIMETHYLALUMINUM 305 

excite the C'A, t X ' A l  transition of A1H 
(22306cm-')' (Fig. 3), a peak corresponding to 
AlH+ was observed in addition. Furthermore, the 
intensity of the AlCH: ion decreased relative to 
that of Al'. In the gas phase Al(CH3)3 exists in 
the dimerized state, i.e. as A12(CH&, at room 
temperature." Neither dimer ion Al2(CH3): nor 
monomer ion Al(CH3): has been observed in our 
experiment. The dimerization energy of A1(CH3)3 
is rather low (0.87eV) and the dimer is easily 
photodissociated. A1(CH3)3 has predissociative 
states near 6 eV." Formation of metal hydride 
molecules has been reported for several organo- 
metallic molecules. l2 Because Al(CH3)3 has no 
@-hydrogen atom, the AlH radical cannot be 
produced from isolated A1(CH3X by a @-hydrogen 
elimination mechanism. AlH is most probably 
formed on the substrate surface when a parent 
molecule is excited, by abstracting a hydrogen 
atom from a neighboring Al(CH3)3 molecule. 

3.2 Origin of observed ions 
Figure 4 shows the dye laser wavelength depen- 
dence of Al+ and AlCH: peak intensities in the 
observed mass spectra. Four peaks found for the 
Al+ signal can be assigned to the two photon 
transitions of the aluminum atomI3 (7p 'PJ(J=3 
or p) c 3 p  'PJ(J = 3 or 5) and 6f *FJ(J = 3 or g) + 
3p 'P,(J=+ or 3). This shows that the MPI pro- 
cess involves resonance absorption of neutral alu- 
minum atoms. Therefore, the Al+ signal is due to 
MPI of neutral aluminum atoms. AlCH; shows a 
broad peak around 442nm. It is close to the 
position where Zhang and Stuke' found a peak in 
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Figure 2 A TOF mass spectrum of trimethylaluminum on a 
Si02 substrate at 110 K photodissociated by the ArF 193 nm 
excimer laser. Dye laser wavelength: 442.0 nm. 
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Figure 3 A TOF mass spectrum of trimethylaluminum on a 
SiOl substrate at 110 K photodissociated by the ArF 193 nm 
excimer laser. Dye laser wavelength: 448.5 nm. 
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Figure 4 Dye laser wavelength dependence of the intensity 
of (a) Al+ and (b) AICH;. 



306 M KOBAYASHI ETAL. 

0 30 60 90 120 150 
Flight T i m e  / us 

Figure 5 TOF distributions of neutral fragments aluminum 
and AICHj from a SiO, substrate, The flight length is 2.8 cm. 

the photodissociation of gas-phase and surface- 
adsorbed Al(CH,),. They assigned this band to 
the electronic transition (C ‘A, t X ’ A l )  of neutral 
A1CH3.7 Therefore, the AlCH: signal in our 
experiment can be assigned to the MPI of neutral 
AlCH,, although the possibility that it is due to 
the MPI of some larger fragment(s) such as 
AI(CH3)2 cannot be totally ruled out, since the 
absorption spectrum of Al(CH3)2 is not known. 
Not shown in the figure is the dye laser wave- 
length dependence of the AlH intensity which 
exhibits a narrow band at 448.5 nm. 

3.3 Kinetic energy distributions of 
neutral fragments 
By monitoring the intensity of the ion signal with 
the variation of the delay time between dissocia- 
tion and ionization laser pulses, the TOF distribu- 
tion (from the substrate surface to the ionization 
region) of the neutral fragment corresponding to 
the observed ion was measured. Figure 5 shows 
the results of such TOF measurements on Al’ 
and AICH: ions. Apparently the two distribu- 
tions are different. This finding excludes the pos- 
sibility that two ions stem from a common neutral 
precursor. In other words, this confirms that they 
are from different neutral precursors. These are 
assigned to A1 and AICH,, respectively (Section 
3.2 above). The TOF spectra are converted to the 
translational energy distribution by Eqn [ 11: 

P(E,) = CZ(t)t2/mP PI 
where I ( t )  is the TOF signal intensity, t is the 
flight time, m is the mass of the fragment, I is the 

flight length, and C is a normalization constant. 
Figure 6 shows the translational energy distribu- 
tion spectrum so obtained for aluminum atoms. It 
cannot be fitted with a single 
Maxwell-Boltzmann (MB) distribution. When it 
is fitted as a sum of two MB components as shown 
in the figure, the translational temperatures of the 
two components are T,(trans) = 160 K and 
Tz(trans) = 1400 K. Figure 7 is the translational 
energy distribution spectrum of AlCH, fragments 
extracted from the same set of TOF data as for 
the aluminum distribution. It can again be fitted 
with a sum of two MB components, T,(trans)= 
190 K and Tz(trans) = loo0 K. 

Zhang and Stuke’ studied TOF distributions of 
aluminum and AlCH, from photodissociation of 
A1(CH3), on n-Si(100) and SiOz surfaces. The 
peak translational energy was 0.069 eV for alumi- 
num and 0.017 eV for AlCH, . They compared the 
velocity distribution of aluminum with a MB dis- 
tribution (T= 1100 K). The experimental distri- 
bution was much broader than the MB distribu- 
tion, and it was characterized with a long tail of 
higher-velocity component. Zhang and Stuke 
mentioned that the fast component was due to 
‘photodissociation’, although it was not discussed 
further. Orlowski and Mantel18 studied photodis- 
sociation of Al(CH& on the aluminum-covered 
Si02/Si surface. Although they found no evidence 
for desorption of aluminum atoms from the sur- 
face, larger aluminum-containing species were 
detected. They all corresponded with single MB 
distributions (T= 388 K for AI(CH&, T= 920 K 
for Al(CH3)z, T= 1290 K for AlCH,, and T =  
990K for CH,). No evidence for desorption of 
aluminum was ascribed by these authors, as indi- 
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Figure 6 Translational energy distribution of an aluminum 
atom. Circles indicate experimental values. The three curves 
show single MB distributions ( T =  160 K and T =  1400 K) and 
their sum, respectively. 
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Figure 7 Translational energy distribution of AlCH, radical. 
Circles indicate experimental values. The three curves show 
single MB distributions (T=  190 K and T= loo0 K) and their 
sum, respectively. 

cating that aluminum is more tightly bound to the 
surface than methylaluminum fragments. The 
translational temperature of the fast component 
of AlCH3 in our experiments (1290 K) is quite 
close to theirs. However, our results show the 
presence of a slower component in addition. 
Higashi6 measured the translational energy distri- 
bution of methyl radicals from A1(CH3), pho- 
todissociated by a 193 nm laser. The distribution 
was found to correspond with a MF3 distribution 
of T =  150 K. No other fragment was detected. 
Because we did not observe CH; ions, no direct 
comparison can be made between these results 
and ours. However, Higashi's observation of a 
very low translational temperature species has 
some parallel to the presence of the low- 
temperature component in our results. 

The greatest point of difference between our 
experimental conditions and those of Zhang and 
Stuke,' Orlowski and Mantell' and Higashi6 is the 
temperature of the substrate. In their experimen- 
tal conditions, the substrate was maintained at 
room temperature and the sample was adsorbed 
in less than one monolayer (1 ML) on the sub- 
strate. In our experimental conditions, the sub- 
strate was cooled by liquid nitrogen and parent 
molecules adsorbed in a multilayer. Observation 
of two components in our case must be due to 
adsorption in a multilayer. 

Observation of a translational energy distribu- 
tion with multiple components has been reported. 
van Veen et af.I4 studied TOF distribution for 
laser etching of CuCl. The distribution was fitted 
with two contributions: a MB and a Gaussian 
distribution. They attributed the MB part to a 
one-photon process and the Gaussian part to a 

multiphoton process. In our experiment the trans- 
lational energy distribution of aluminum atoms 
was composed of two MB components. It sug- 
gests that at least two paths exist for their crea- 
tion. Several explanations can be conceived for 
the bimodal distribution. First, aluminum atoms 
corresponding to the slower component may be 
created from photodissociation of some larger 
fragment(s) after desorption. That is to say, some 
fragment(s) larger than an aluminum atom was 
desorbed from the surface, and the fragment(s) 
absorb another photon in the same laser pulse to 
dissociate to give an aluminum atom. This possi- 
bility can be excluded because the laser pulse 
width (-10ns) is much shorter than the flight 
time of fragments (in the order of 10 ps). Second, 
some thermalization by collisions may occur in 
the vapor phase immediately after dissociation. 
However, since the two fragments, Al and 
A1CH3, we observed show different tempera- 
tures, the possibility of collisional thermalization 
in nascent vapor is small. Therefore, the two 
components must correspond to different 
amounts of kinetic energy of aluminum atoms 
when they were ejected from the surface. The 
higher- and lower-temperature components are 
given by a dissociation-desorption process yield- 
ing a larger and smaller energy transferable into 
kinetic energy, respectively. Such a difference 
may be explained, among other ways, by varia- 
tion of the environments of parent molecules at 
the photodissociation events. The parent 
Al(CH3)3 molecules of higher-temperature alumi- 
num atoms suffer low energy loss. The parent 
molecules are probably those physisorbed on or 
very close to the surface of the multilayer. When 
it absorbs a UV photon, the parent molecule is 
dissociated and much excess energy is transferred 
into the translational energy of the fragments 
(aluminum atoms) as a result of low-energy dissi- 
pation. Aluminum atoms due to this process are 
ejected from the surface directly and give the fast 
TOF component . 

Motooka el al. prop~sed '~  that Al( CH3)3 dimer 
in the vapor phase photodissociates in a cascade 
single-photon absorption process. One photon is 
needed for the dissociation of dimer and a photon 
is needed for breaking each AI-CH, bond. 
Callender et al. l6 measured the translational 
energy distributions of Al+ ions from visible 
(456.2 nm) photodissociation of A1(CH3)3 in a 
supersonic jet. The translational distribuiton was 
approximately MB and the translational tempera- 
ture was 1800 K. They attributed the distribution 



to a combination of sequential dissociations. If 
aluminum atom formation from the photodisso- 
ciation of A1(CH3), dimer on the solid substrate 
occurs as in the vapor phase, four photons must 
be necessary. However, there should exist some 
energy dissipation process through the surface. 
Therefore excess energy which is available for the 
translational energy will be reduced, and/or a 
further photon may be necessary to create an 
aluminum atom on the surface. 

Recently Beuermann and Stuke" showed that 
Al(CH,), can dissociate to AICH, + 2CH3 with 
one photon (<220 nm) in the vapor phase. If this 
path is the major one in the adsorbed phase, 
generation of two aluminum atoms from 
AI(CH,), dimer requires five photons. The aver- 
age AI-C bond energy for AI(CH,), is approx. 
2.9 eV,18 and the dimerization energy is 0.87 eV, 
where 1 eV = 96.5 kJ m ~ l - ' . ' ~  If it is assumed that 
five photons at 193 nm (6.4 eV) are required for 
formation of two aluminum atoms from 
AI2(CH&, then in total approx. 13.8 eV of excess 
energy is available. If the equipartition law is 
assumed, the mean translational energy is calcu- 
lated as 0.27 eV, corresponding to a translational 
temperature of 2100K. Some dissipation of 
energy to the substrate may reduce the amount of 
translational energy eventually left with the 
desorbing aluminum atoms (T= 1400 K). 

The average kinetic energy of the lower- 
temperature component (+ kT= 0.02 eV) seems 
too low to be a result of the direct dissociation 
mechanism. The component must correspond to 
the fragments which lose a large amount of excess 
energy before the desorption. It is suggested that 
energy equilibration (or exchange) exists between 
the slow aluminum atom and the surface of the 
substrate. 

The result of translational distribution analysis 
of the AICH, fragment is similar to the case of the 
aluminum atom: the distribution can be fitted 
with the sum of two MB distributions, and each 
component has a temperature comparable to that 
of the aluminum atoms. An explanation similar to 
the case of the aluminum atoms could be made, 
although more information is required for a quan- 
titative discussion on the comparison of transla- 
tional energy distributions of aluminum and 

Chuang and Domen" studied the electronically 
excited photodissociation of CHzIl molecules on 
A1203 and aluminum surfaces at 308nm. The 
signal intensity maximum of the CHJ photo- 
fragment TOF spectra changed according to the 

AlCH3. 
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surface coverage of CHJ2 (parent) molecules. 
When the surface coverage increased to a multi- 
layer (6 > 15), the peak translational distribution 
energy increased significantly from ET = 0.095 eV 
at 0 6  1 to -1 eV at 6 =  30. They proposed an 
explosive desorption regime for such obser- 
vations. No evidence for such a process was found 
in our case. 

4 CONCLUSION 

Photodissociation of trimethylaluminum 
[Al(CH,),] adsorbed on a SiOz substrate at 110 K 
has been studied by multiphoton ionization time- 
of-flight mass spectrometry. Translational energy 
distributions of aluminum and AICH, fragments 
can be fitted with a composition of two 
Maxwell-Boltzmann distributions. The two com- 
ponents are attributed to different environments 
of photodissociating parent molecules in the 
multilayer. 
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