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PRODUCTION OF GALLIUM ATOMS BY EXCIMER LASER PHOTCLYSIS
OF TRTMETHYL GALLIUM

by
Steven L. Baugheum, Richard C. Oldenborg, Kenneth R. Winn,
and Dcuglac k. Hof

Chemistry Division
Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT

The gas phase kinetics of group I1l elements such as guallium are important
in possible chemically driven energy transfer lasers and in chemical vapor
deposition processevs in the electronies industry, Excimer laser photodissocia-
tion of volatile galiium compounds via multiple photon process provides, in
principle, a conveni :nt room temperaturc source of gullium atoms for study
using laser photolysis-lascr induced fluoruscuence techniques, 1n this papet.
we report preliminary results of the multiple photon dissociation of trimelhy.
gallium at v nm. Prompl emission from i number of cxcited gulllum states
(¢ Y5, 4 b, 6 <5, 6 P9, 4 2D, and 4 "P) has been observed. The time histo-
ries of the grounl state (W JP?/“) and the melustable (U nglc) have been moas-
ured using lascer Induced fluorcescence.  The resulting time profiles arc
complicated even In Lhe abichee of a4 reactant gas by Lhe apparent production of

ground state galltum at relatively long Uimes (-10 ug) arfter the excimer Jase!



pulse. Possible mechanisms for this (i.e., radical reactions to produce
gallium, erergy transfer cascading from high lying metastable state§. lonic
processes, etc.) are deing investigated. These results indicate that the
photocdissociation of trimethyl gallium at 193 nm is complex. Photolysis stud-
ies at other wavelengths and with other precursors are in progress to find a

cleaner source of gas phase atomic gallium for kinetic studies.

INTRODUCTICN

Toe overall objective of this research 1s to study the reaction and energy
tranafer kinetics of gas phase atomic gallium. Data on these processes are
necessary to assess a potentlal chemical laser system based on chemical reac-
tion followed by energy transfer to gallium atoms or which can lase on the
SZS-MZPg,,2 transition at 417.2 nm. The group 111 elements, which include gul-
lium, indium, and thallium, are particularly interesting as possible energy
transfer laser candldates. Since the lowest 2P° state Is split into two spin-

orbit components, the ground state (ZP?,z) and the metastable (ng/z) statv,

three level laser schemes are possible with lasing to the higher energy ng,z

1 8

state. For galiium, these states are 826 cm ' apart. This Is a large

enough anergy spacing so that there is little thermal population in the
metastable state, making it an attractive lower level for 4 laser. The roia-
tively small energy spacing, however, means that metastable gallium can proba-
bly be relaxcd fairly efficliently via electronic to vibrational encrgy transfoer
by collisions with polyatomic gasces. 1 sc, this agaln would make this an

altractive lower levt]l for u laser by minimizing problems with bottloenceklng, a

Lulldup of population in the lower laser level,



The reaction and energy transfer kinetics of gas phase gallium atoms ard
Zas phase rea cells containing gallium may also piay an important role in the
deposition of gallium in chemical vapor deposition production of GéAs semi-
conductor devices. The preparation of a varlety of group III-IV compound semi-
conductors by chemical vapor deposition of organometallic compounds has been

2

demonstrated. In particular, high purity GaAs has been prepared by such tech-

niques using trimethyl gallium.3 Deposition of gallium metal on quanta sub-

[

strates has been demonstratcd by photclysis of trimethyl gallium at 257 not

using a cw frequency doubled argon ion 1aser.u

Ultraviolet laser pnotolvsiz of
other organometallics has also beer. demonstrated as a means of producing @
number of different metal films with submicrometer dimensions.>”! Because
metallic gallium has very little vapor pressure except at extremely high tem”
peratures, studies of atomic gas pnase gallium generally involve disscciation
of some fairly volatile gallium compound, such as trimethyl gallium or the
gallium trihalides. Trimethyl galllum has considerable vapor pressure at rcom
temperature and thus, is in principle, a particularly good source of gailium
for kinetic studles., This is thc compound generally uscd in the electronices
industry for gallium deposition. The ultraviolet spectrum of trimethyl gullium
has becn measur(-cl8 and the compound absorbts strongly at 193 nm, the wavdlongth
of an ArfF excimer lascr. Thus, photolysis of trimethyl gallium would ap;ear t-
be a particularly good way to produce gallium for study by the laser
phatolysis=LIF technlque,

Although loger photolysis of o few organometallic compounds and the ir
correspond.ng metal halldes have been studied In some detail, relatively littae

hany boen done with the photochemistey of gallium contalning compounds. Lanimg



has been demonstrated in atomic gallium following photolysis of gallium tri-

9-11

iodide vapor. As discussed above, ultraviolet laser photolysis of trin-

ethyl gallium has been used to deposit galiium metals onto surfacesifor
potenitial applications in the electronics industry. Recent experiments h=zve¢
detected atomic gallium by multiple phoi.n icnization following photo~
dissociation of trimethyl gallium using a visible laser tuned to atomiec gzlliun
resonances. <713
In the ultraviolet, where the abaorption spectrum inGIC"és a bruac cun=-
tinuum, dissoclation to proauce gallium atoms occurs prerumably either th:iugh

direct dissociation of trimethyl gallium following absorption of one or more

photons, such as

Ga(CHs)3 —> Ga + 3 CH3 (1

or through a sequential dissoclation process, such as:

Ga(CH5)3 —_— Ga(CHj)E + CH3 (ca)

Ga(CH3)2 —_— Ga(CH3) + CH3 (b)

Ga(CHS) ——> Ga 1 CH3 ice)
or

Ga(CH3)3 — Gu(CHj) + 2 CH3 tsa’

Ga(CHB) > G 4 CH3 (s

Tne mean gallium-carbon bond energies in trimethy.: gallium have becn meas-

urud.1"'15 with a rceommended valuee of H'7.5H keal mole.16 From a pybolyslu

study of trlmethyl gallium, Jacko and Prlcv17 have suggested the following:



Ga(CH3)3 —_— Ga(CH3)2 + CH3 tH = 59.5 kcal/mole -. (4
~ ——— r - c
ua(CH3)2 > Ga(uH3) + CH3 AH 35.4 kcal/mole (%3
Ga(CHa) —> Ga + CH3 AH = 77.5 kcal/mole (6)

Based on these thermodynamic measurements, photcdissociation of trimethyl gali-
lium at 193 nm to produce gallium atoms nust occur via at least a two phuton
process. The electronic spectra of the monomethyl gzllium and dimethyl gallium
radicals are unknown, and the excited electronic states are presumably dis-
soclatlve, With the data avallable, it 1s not possible to rule gut any of the
multiple photon dissociation processes outlined in Sequences 1-3. At high
laser fluences, other photofragments may also be produced via higher order
processes.

In thls paper, we present preliminary results on the production of atomic
gallium in both the ground (EP?/E) state and in excited electronic states by
photodissociation of trimethyl gallium at 193 nm. The implications of these
results on the use of this source for gas phase energy transfer and reaction

kinetic studies will be discussed.

EXPEHRIMENTAL

This basic approach in these experiments is Lo prepare gas phase atomiv
gallium esscntially instantancously by excimer lascer photolysis cof some suvita~
ble volatile precursor, such as trimoethyl gallium or gallium trichloriac. The

atomlc gallium {5 then detected by laser induced f'luorescence in which a (au¢?



is tuned to the resonant wavelength or an atomic transition and then fluores-
cence from the resulting excited gallium atom is detected. By scanning the
time delay between the photolysis laser and the probe laser, the lifetime cf
the gallium state is measured.

The optical arrangement of the experiment 1s shown in Figure 1. Tne pro-
tolysis laser is a Lamtda Physik EMG-102 rare gas halide excimer laser operat-
ing or ArF at 192 nm with unstable resonator optics. Ground state atomic
gallium (ZP?/E) is probed by laser induced fluorescence (LIF) by excziting the
ZS-ZP?/E transition at 403.2 nm and monitering thc fluorcccence from the
2S—2Pg/2 transition at 417.2 nm. The population of the gallium metastable
2P§/2 state is monitored similarly bty exciting at 417.2 nm and monitoring the
405.3 nm fiuorescence. The probe laser wavelengths are generzted using a
Quanta Ray Nd:YAG pumped dye laser with suitable nonlinear mixing crystails. The
U03.3 nm light is obtained by pumping the dye DCM with the doublea output of
the Nd:YAG laser and then mixing the dye laser output with the 1,06 um output
of the Nd:YAG laser. The 417.2 nm light is generated by pumping Stilbene L20
dye with the third harmonic of the Nd:YAG laser. The time histories of the
Ga(EP?/E) and Ga(2P§/2) states arc measurec by scanning the time delay betwecr
the photolysls laser and the probe laser while monitoring the fluorescence. The
lasers arc aligned collinearly through the flow ccll using sultable Suprasil 2
lenses and a dichrole mirror. For studies of the effect of emlssion intensitly

With laser flucnce, a fractlion of the excimer laser beam is sampled uslng a

quartz flat and the laser energy measured using a Laser Preclsion Model RJ-7ict
cnergy moter interfaced to the computer.  The laser eneorgy could be systemati-

cally varioed by atvenuatlon using quarte (lats,



The fluorescence is imaged through a 0.25 m monochromator equippe2 with
variable slits or through a dielectric filter onto the element of an RCA 31.:L
photomultiplier tube. The photomultiplier signal is amplified and sent tc
either a Tektronix R7912 transient digitizer or to PAR Model 162 boxcar signz:
averager. The processed signal is then recoraded on a Nova 3 computer ang
transferred <0 a larger computer for analysis. For studies of gallium states
Producer ‘ronically excited in the multiple photon dissociation, the sig-
nals are processed using the transient digltizer to measure their lifetimes:
The transient digitizer 1s alsu used for fluence stuaies in which the inte-
grated intensity from a given electronic state is measured as a function cf the
fluence (energy/cmz) of the photolysis laser. The boxcar averager is uses in
the LIF experiments of the ground state (ZP?/Z) and metastable (2P§/2) gallium
time profiles by integrating the LIF signal as the time delay between the pho-
tolysis laser (which produces the gallium atoms) and the probe laser is
scanned.

A schematic of the vacuum system is shown in Figure 2. Gases are siow.y
flowed (~0.1 slm) to avolid a buildup of photolysis products. The flows of a
precursor mixture and buffer gas are measured and controlled using Tylan mass
flow controllers. Argon is generally used as a buffer gas to minimize diffu-
sion efiects and to translationally equilibrate the photofragments. The
precursor, trimethyl gallium, ls generally flowed from a 1% mixture in argor.
Flows are chosen so that the viewing region will be completely swept oul bc”
tween J 1ser shots. Pressures are measured with a MKS capacitance manometer.
The windows where the laser beams enter and exlt are purged using a buffer gas
to minimize window deterioration by buildup of gallium on the windows from the

photolysis. Typlical conditions for thesc experiments are approximately <0 tord



of argon and 1 mtorr of trimethyl gallium. Under these conditions, the conccn-
trations of trimethyl gallium and the resulting gallium atoms are low to mini-
mize complications due to radical-radjcal processes or product buildup andg to
minimize problems with radiation trapping of the fluorescence. .

The trimethyl gallium is electronic grade (9v.9995%) purity and was ob-
tained commercially. One percent precursor miztures of trimethyl gallium with
argon are prcpared in an all weldec Teficon-lined stainiess steel cylinaer to
avoid decomposition or exchange problems. The argon used is research grace

(99.999%).

RESULTS

Initial experiments monitored tne productior. cf Ga(25) producec directily
in the photolysis of trimethyl gallium at 193 nm. Em:ssion at 403.3 and
417.2 nm from the 5 2g-y ZP?/Z anda 5 2g-y 2Pg/2 transitions, respectively, wic
observed. The signal strength of this emission as a function of excimer lastr’
fluence i1s shown in Figure 3. An analysls of this data inaicates an apparent
second order dependence of the signal on iaser enargy, lndicating at least a
two photon process for the production of Ga(5 s).

Laser induced i'luvrescence experiments tu detect ground state Ga(H 2P?/3>
and measure its lifetime were then begun. The temporal behavior of the ground
State gallium for a typical set of conditions is shown in Figure 4, for a mix-
ture of argecv and approximately 1 mtorr of trimethyl gallium. The very fac
rise from zero corresponds tu dirceel production of ground state gallium in the
rhotolysis of trimethyl gallium and Incluaes contributlons from excited stalet

that rapidly radlate down to the ground state. kA slower rise, 1is notea in the

s1 gnal foilowed by a much slower acceay, presumubly from diffusion and perhapS



reaction with the precursor. Initially, the slow rise in the signal was
thought to arise from electronlc relaxation by collisions with argon of th=
metastable 2Pg,2 state produced in the phctclysis. The lifetime of the EPS/Z
state under the same conditions was then measured using LIF. The result is
shown in Figure 5. The siow decay of ihe metastable state does not correlate
with the slow rise in the ground state population indicating that the grournd
state rise 1s not due to simple collisional quenching of the Pg/z state proc-
ess but that other more complicated processes are involved. Perhaps other
metastable states are involved in the energy transfer to the ground stzie.

Te investigate this further, an emission spectrum was taken of the excitec
photofragments produced in the dissociation. Numerous lines were observed as
shown in Figure 6. Assignments of the spectrum reveal that the bands near
31% nm, 390 nm, and U430 nm arise from emission from electronicaily excitec ChH
radical procuced iIn the photodissociation, corresponding to the C-X, B-X, an:z
A=X transitions, respect.ively.18 The remaining lines can be assigned tc emis-
sion from electronically excited gallium atoms produced iun the photodissocia-
tion. The energy level diagram for atomic gallium is shcwn in Figure 7. The
states from which emission has been observed are labeled and the transitions
observ 1 in this experiment are shown. It iIs interesting to note that not oniy
are dipole allowed transitions observed but also the spin forbldde: transition

from the 4 4

P state. Preliminary studies of the dependence of the exclted
state popuiaivions on rhotolysis laser fluence indicate that the prompt emiscsin
arises from a process requiring 2-3 photons witn the higher galllum energy

levels having higher dependence on laser fluence. Experiments are in progress

to guantify these results.
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The tempcral behavior of each of the excited gallium electronic states cen
be characterized by two components. A fast component corresponding to the
initial procuction of the excited state by the multiple photon disséciaticn of
trimethyl gallium. This componert has a lifetime characteristic of the excit:d
state, For the dipole allowed transitions, these lifetimez are apprcximate.y
the racdiative lifetimes which are short, 6-200 ns,19 for the dipole allowe?
transitions ana quericning ls not important under these conditions. For (he “F
state, which is coupled to the grcund state via a spin-forbidcern transition, @
somewhat longer lifetime 1s observed and the effects of electronic quenching ty
collisions with argon may be significant. The second component of the signz.s
is a much longer slow rise on the order of 1C us followed by a much longer
decay on the order of 10C us. The process that produces excited gallium atons
at long times may well be tne same process that gives rise to the complex tins
behavior of the ground state gallium. Experiments are in progresc tc cheze
this and to measure the depencence of both the prompt signals anc tne long-?
component of the emission on trimethyl gallilum pressure and photolysis las:

fluence.

DISCUSSIONS AND CONCLUSIUNS

Erission from a number of electronically excited states of galliumn atom
(% 25, it 2D, 6 2S. 6 2F‘O. 5 2D. and 4 “P) has been obscrved following muitipi.
phcton dissoclation of trimethyl gallium at 92 nm. The dependence of tht
Slgnals on laser fluence: indlcates that thes. states are belng produced by
processec involving 2-3 photons. This fluence difference agrees with the ther-
Mmodynamic calculations presented earlier bui dees not clarily which of the

three dissociatlon sequences is occurring. Thu observed fluence deponcencd
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seems to increase with increasing energy lz=vels of the gallium., Emission from
these states Jis also observed at lcnger times apparently arising from colli-
sional processes. Possible explanations include cascading from higﬁ lying
metastable states of gallium produced in the photodissociation, radical reac-
tions with trirathyl gallium or other radicals, energy transfer from excitec
metastable phototragments, and ionic processes since the energy of 2 193 .
photuin is above the ionization limit of atomic gallium. A significant number
of gallium lons may be produced similarly. oince this process used 2-3 pho~
tons, an enormous amount of energy 1s potentially available for excitation of
the photofragments.,

The time behaviors of the ground state (ZF?/:) and of tihie metastable
(2Pg/2) state are complicated. Tuc ground state population shows a risctime
that carnot be explained by radiative cascading from the observed electroni-
cally exnited states initially producea in the photodisscrciation or from the
metastable (2Pg/2) state, but may be due to cascading from metastable staiteg
produced in the photolysis or from processes such as those cdescribed above tO
dccount fcr the long-time comjponent of the excited gallium atoms. Furthers work
is in progress to explain this behavior and to correlate it with the time bce~
havior of the excited gallium statcs.

The observation of electronically excited CH radlcals incicates that the
photodissociation of trimethyl gullium at 193 nm {8 a very vicient process. Tu
CH emission shows a dependence on photolysis lascr fiuence similar to that of
the excited galilur states, 1L is nol clcear if the excited CH arises fron
dissoclation of trimethyl gallium, menomethyl galllum, dimethyl gallium or
mothyi radlcals. With the cnergy of -3 193 nm photons, an enormous number uf

di ssoclative channdls are energeticaily pessibles The A ”A statce of CH huo An
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radiative lifetime of 538 t 5 ns.2° From the observed spectrum, by comparison
with the exciied gallium atom emission, the production of CH(A) Hou}d appear to
be significant but not out of the major dissoclative channels. Expériments
have not yet been done to measure the amount of ground state CH radical pro-
duced.

These results indicate that trimethyl gallium photodissoclation at 193 nm
is complex. Mechanistic considerations suggest that a cleaner source might be
achieved by using longer wavelengths or other precursors. Work is in progress
tce evaluate production of atomic gallium at these longer wavelengths, such as
246 nm, where ionization of the atomic gallium should not be important and to
consider other volatile precursors, such as gallium trichloride. Galljum
trichloride photochemistry should be simpler since complicated channels such as
those possible with CH3 will not be present. Similarly, any secondary chemical
processes should be less important than appears to be the case for trimethyl
gallium, since Cl atoms should behave omits differently from methyl radicals.
The temporal behavior of the gallium atoms pruduced by photolysis of trimethyl
gallium at 248 nm 1. qulite different than that at 193 nm. This may bcu an ¢n-

covraging result for future kKinetics studles.
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FIGURE CAPTIONS

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.

Optical schematic for kinetic experiments using the laser photolysis
LIF probe technique.

Schematlic of the flow system and gas handling system.

Dependence of the fia(5 2S) emission on 193 nm laser fluence in
trimethyl gallium photolysis.

Time behavior of the ground state gallium (4 ZP?/Z) density follcwing
193 nm photolysis of trimethyl gallium. The sharp rise corresponds Lo
the excimer laser firing.

Time behavior of the metastable gallium (4 2P°/2) density foliowing
193 nm photolysis of trimethyl gallium. The gharp rise corresponds to
the firing of the excimer laser.

Prompt emission spectrum resulting from 193 nm piotolysis of c¢rimethyi
gallium. The transitions from electronically excited gailium atoms
and CH radical.: are !dentified.

Energy level diagram for atomic gallium showing th. ubserved
transitions.



OPTICAL SCHEMATIC FOR KINETICS EXPERIMENTS
USING THE LASER PEROTOLYSIS/LIF PROBE TECHNIQUE
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FLOW SYSTEM SCHEMATIC
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DEPENDENCE OF Ga (5°S) EMISSION ON

193nm LASER FLUENCE IN Ga(CH,); PHOTOLYSIS
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RELATIVE INTENSITY

TIME BEHAVIOR OF GROUND STATE GALLIUM (4 2Py,5)
DENSITY AFTER 193 nm PHOTOLYSIS OF Ga(CH3)3
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RELATIVE INTENSITY

TIME BEHAVIOR OF METASTABLE GALLIUM (4%; )
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EMISSION INTENSITY

EMISSION SPECTRUM RESULTING

FROM 193 nm PHOTOLYSIS OF Ga(CHz),
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