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An in situ investigation of thermal decomposition reactions of trimethylindium (TMIn) in a vertical, upflow
chemical vapor deposition reactor has been carried out using Raman spectroscopy. Monomethylindium
(MMIn) and atomic indium were detected along with the precursor TMIn using N, as the carrier gas. Atomic

indium was identified by the peak at 2215 cm ™

, which is equal to the difference between two spin—orbit split

levels of atomic indium in the ground electronic state. The multiple peaks corresponding to MMIn, which were
enhanced by a resonance Raman effect, consisted of fundamentals(v,=1097 cm™',v;=430 cm™',vs=1364 cm ™!,
V=696 cm ') and a high progression of overtones and combination bands. Concentration profiles were
obtained from the measurements of peak intensities of TMIn, MMIn, and indium at different distances away

from the hot susceptor along the vertical centerline of the reactor.

Introduction

Organometallic vapor phase epitaxy (OMVPE) is a proven
technique for the deposition of compound semiconductor thin
films for solid state device applications.! The development of
realistic reactor models that describe the spatial dependence of
growth rate and film composition is valuable for optimizing
reactor designs, establishing suitable growth conditions, and
interpreting experimental results. The robustness of such
models is usually limited by uncertainties in reaction mechan-
isms and their rate constants.! A prerequisite for specifying
reaction mechanisms is the identification and characterization
of reaction intermediates. The intermediates typically encoun-
tered in OMVPE of compound semiconductors are usually
unstable and present at very low concentrations that vary with
position in the reactor. One approach has been to use ex situ
sampling techniques to obtain qualitative and quantitative
information on intermediates.* Such techniques usually are not
suitable for identifying reactant and short-lived intermediates
at low concentrations since parasitic reactions, long sample
transit times, and flow perturbations by the sample probe can
occur. In general nonperturbative, in situ probes have been
more successful in detecting the intermediates. Raman scatter-
ing, IR-diode laser absorption, UV absorption, laser induced
fluorescence (LIF), and coherent anti-Stokes Raman scattering
(CARS) have all been used to study OMVPE chemistries.*
In situ probes can also be used to improve the controllability of
OMVPE process in commercial reactors.

Although Raman spectroscopy can detect most chemical
species and has high spatial resolution, there have been a
limited number of studies of organometallic decomposition
reactions, because of its relatively low detection sensitivity.>~
It is noted, however, that the detection sensitivity limitation
is relaxed in special cases by resonance Raman scattering.
When the wavelength of the excitation light is close to or in
resonance with an available excited state of a chemical species,
the scattering cross-section is significantly enhanced by the
resonance Raman effect (RRE), making it possible to detect
the species at very low concentrations.” In a sense, resonance
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Raman scattering is complementary to resonance fluorescence
since it is applicable to a species having a low fluorescence
quantum yield.

TMIn is the most commonly used precursor for OMVPE
deposition of indium-containing compound semiconductors.
The pyrolysis reaction of TMIn was first investigated in a
toluene carrier by Jacko and Price’ as early as 1964. The
pyrolysis reaction was proposed to consist of three consecutive
homolytic fission steps:

(CH3)3IH — (CH3)211’1 + CH3 (1)
(CH3)211'1 hd CH3IH + CH3 (2)
CH;In — In+CH;, 3)

According to their kinetic study, reactions (1) and (2) occur
almost simultaneously yielding monomethylindium (MMIn) as
a reaction intermediate, which was suggested to be relatively
stable at a temperature lower than 480 °C. At higher temper-
ature, reaction (3) proceeds to yield atomic indium as one of the
final reaction products. Other studies have been directed at
identifying reaction products in the decomposition of TMIn in
various ambients.”'* The principal hydrocarbon products
were found to be C,Hg and CHy,” ' and methyl radicals were
also observed at very low concentration using in situ IR-diode
laser spectroscopy.'! Haigh and O’Brien'? failed to observe the
existence of atomic indium using atomic absorption spec-
troscopy and concluded that reaction (3) takes place only
heterogeneously. Hebner and Killeen,'* however, observed
atomic indium in a H, carrier using resonance fluorescence
spectroscopy.

In this study in situ Raman spectroscopy was used to identify
reactive intermediates and to measure their relative concen-
trations during thermal decomposition of trimethylindium
(TMIn) in an OMVPE reactor. This study is part of a more
comprehensive investigation of the reaction mechanisms
important in OMVPE growth of indium-containing compound
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semiconductors, including InGaN which is an important
material for green and blue light-emitting diodes.'

Experimental

The apparatus used in the present study consists of a laser
Raman spectrometer coupled to a custom upflow OMVPE
reactor system, which has been described previously.'® Nitro-
gen was selected as a carrier gas, because it has a strong
vibrational Raman band which is used to normalize the peaks
of reactive species. Raman spectra were measured along the
vertical centerline of the reactor in the carrier gas. The
temperature distribution within the reactor was determined
by purely rotational bands of N, molecules.” The relative
mole fraction of each gas-phase chemical species in the reactor
was obtained from the ratio of integrated intensity of the
primary peak of the In species (478 cm ™! for TMIn, 430 cm ™!
for MMIn, and 2215 cm ™! for atomic In) to that for the N-N
stretch at 2331 em ™! of the N, carrier gas. Since the carrier gas
was in large excess, its mole fraction was approximately unity
and hence assumed constant throughout the reactor. For the
present study, the operating pressure of the reactor was main-
tained at atmospheric pressure. The N, carrier gas was UHP
nitrogen (Liquid Air, Inc.), and the TMIn source (Texas
Alkyls) was electronic grade.

Results and discussion

Raman spectra in the frequency range 250 to 3000 cm ™! were
recorded by probing a small volume element in the OMVPE
reactor. The peak observed at 2331 cm ™!, which corresponds
to vibration of the N, carrier molecules, was used as an
absolute frequency calibration. Fig. 1(a) shows the spectrum
which was recorded by probing a region very close to the inlet.
Decomposition of TMIn was not expected at this location
because of low local gas phase temperature (ca. 70°C). As
previously reported, '’ the Raman spectrum of gas-phase TMIn
consists of four main spectral features: a broad transition at
113 cm™! corresponding to the in-plane bending vibration of
InC; skeleton, a sharp transition at 478 cm ™' overlapping with
a very broad transition near 500 cm™ ' (corresponding to a
symmetric and asymmetric stretching of the InC; skeleton,
respectively), a sharp transition at 1173 cm ™' associated with
C-H bending of the methyl groups, and a peak at 2925 cm ™!
which is associated with C-H stretching vibrations of the
methyl groups. These transitions are easily found in the
spectrum of Fig. 1(a), except for the 113 cm ™! transition, which
overlaps with the rotational transitions of the carrier N,
molecules and is not displayed here.
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Fig. 1 Raman spectra of the (CHj3)3In/N, mixture at 70 °C (a) and
300°C (b). The excitation wavelength was 488.0 nm. The peak at
2331 cm ! correponds to the vibration of N, carrier molecules.

Fig. 1(b) shows the spectrum which was taken by probing
a hotter region (ca. 300°C) 3.4 mm away from the heated
susceptor where TMIn molecules were partially decomposed.
In addition to peaks corresponding to TMIn, there are several
peaks in the spectrum apparently associated with some inter-
mediates and/or end products of the decomposition reactions
of TMIn. The additional peaks can not be attributed to simple
hydrocarbon species"’11 such as CH3;, CH4 and C,Hg which are
known to be products of TMIn pyrolysis.'®!” It is evident,
therefore, that the hydrocarbon species were formed below the
detection limit of Raman scattering and the additional peaks
are attributed to indium-bearing species such as dimethyl-
indium (DMIn), MMIn, and atomic indium. DMIn, however,
is not believed to be responsible for the observed additional
peaks for several reasons. First, the concentration of DMIn
is expected to be much lower than that of MMIn.® Assuming
that DMIn has the same linear structure as (CH3)21n+,18 its
symmetric In—C stretching band would be much more intense
than the other fundamental vibration bands, as shown in
Raman spectra of (CH;),In",'8 (CH;),Zn,"® and (CH;),Cd."
Furthermore, the In-C stretching frequency (430 cm™') in
Fig. 1(b) is relatively low for the symmetric metal-C mode of
dimethylmetal compounds.'® As a result, the additional peaks
in Fig. 1(b) are believed to correspond to MMIn and atomic
indium.

The very strong peak observed at 2215 cm™! in Fig. 1(b) is
assigned to an electronic Raman scattering transition between
the two spin—orbit split levels (*Py,, and ?Ps,) of atomic indium
in the ground electronic state (5s*5p"). Using the atomic indium
absorption spectrum given by Candler, the splitting between
these two levels was calculated to be 2214 cm™ !, after
wavelength correction using the index of refraction of air.
This assignment is also supported by the facts that the line
width was instrumental-limited, characteristic of an atomic
transition and the frequency shift of the peak was independent
of the excitation wavelength. Hebner and Killeen!® also
observed atomic indium in the pyrolysis of TMIn in a H,
carrier using in situ resonance fluorescence spectroscopy.

The peaks other than those corresponding to TMIn and
indium in Fig. 1(b) are likely attributable to vibrations of
MMIn. Although the concentration of MMIn was expected to
be comparable to or lower than those of the hydrocarbon
products, its vibrational peaks were observed because the
Raman scattering cross-sections were significantly enhanced by
the RRE. The effect is observed when the frequency of the
excitation light is very close to or lies within the range of an
electronic absorption by MMIn.® There is, to date, no report
on the UV-visible electronic absorption spectrum of MMIn,
but it may be deduced from the spectrum?' of its cognate,
monomethylgallium (MMGa). Assuming that the spectra of
MMGa and MMIn show similarities as do the spectra of GaH
and InH, the maximum absorption wavelength of MMIn is
expected to be ca. 418 nm, and corresponds to that of MMGa
(386 nm).?! The difference is taken by comparing the difference
of the A 'TT (v=0)-X'=* (v=0) transition in the spectra of
GaH and InH which occur at 422 and 454 nm,?? respectively.
Therefore, the excitation wavelength of 488.0 nm used in
Fig. 1(b) is at slightly longer wavelengths than the absorption
maximum of MMIn. In contrast to the normal (nonresonance)
Raman spectrum, the resonance Raman spectrum has several
characteristic features.® Two of them, namely the appearance
of a high overtone and combination progression of some
fundamental frequencies and the dependence of band inten-
sities on the excitation wavelength, were observed in Raman
spectra of MMIn (see below).

Assuming Cs, equilibrium symmetry for MMIn, there are six
vibrational modes, three totally symmetric (a;) and three
doubly degenerate (¢) modes, all of which are Raman active.
The a; modes consist of a symmetric C-H stretch (v;), sym-
metric CH; deformation (v,), and In—C stretching (v;), while
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the e modes are comprised of an asymmetric C-H stretching
(v4), asymmetric CH; deformation (vs), and CH; rocking (vg).
Fig. 1(b) shows that there are more peaks than expected for
the normal Raman spectrum of MMIn. This suggests that the
spectrum shown in Fig. 1(b) represents the resonance Raman
spectrum and the peaks other than the fundamentals are
overtones and combination bands.

Based on the spectrum shown in Fig. 1(b), four of the six
fundamental vibrational modes were assigned frequencies.
The intense peak at 430 cm™ ! is attributed to the In—C stretch.
This frequency, v;, is lower than the In—-C vibration fre-
quency (478 cm ™ ') in TMIn owing to the stronger In-C bond
strength.” Methyl groups bound to a single metal atom in
(CH3),M (n>1) type compounds typically have metal-methyl
vibrations in the 450 to 650 cm ™' range.'” Monomethylmetal
organometallic compounds, however, have lower reported
metal-methyl vibration. For example, the metal-methyl
vibration frequency for CH3;Zn and CH;Cd have measured
value of 445 and 356 cm ™!, respectively, as determined by
fluorescence spectroscopy.?> The peak at 696 cm ™! corresponds
to the rocking mode (v¢) of a methyl group. The vibration
frequency is compared with the values 687 and 725cm™!
observed in the gas-phase TMIn infrared spectrum®* and is
very similar to the value 690 cm™! of MMGa adsorbed on the
GaAs(100) surface as measured by high-resolution electron
energy loss spectroscopy (HREELS).?® The peaks at 1097 and
1364 cm ™! are assigned to the symmetric (v,) and asymmetric
(vs) C-H bending vibrations, respectively. The v, and vs
vibration frequencies fall into the frequency ranges found for
organometallic compounds with terminal methyl groups'® and
the v, frequency is comparable to those of CH;Zn (1064 cm ™)
and CH5Cd (1000 cm ™~ ').>* Two C—H stretching bands (v, and
v4) were too weak to be observed or overlapped with the C-H
stretching band of TMIn. Recently Himmel ez al.*® measured
IR spectra of MMIn in an Ar matrix and assigned vibrational
frequencies of its v,, v3, and vs modes, which are in good agree-
ment with our Raman data, but their theoretical frequency
(533.1 cm™ ") of the v¢ mode which was absent in IR absorp-
tion is considerably different from our experimental frequency
(696 cm ™).

The remaining peaks are overtones of v, and v;, and
combination bands such as v, +nvs (213,), v¢+nvs (6:2,), and
ve+nvs (6,3,). It is noteworthy that, in agreement with
theory,”” only the fully symmetric fundamental displays the
RRE. Similar to the spectrum reported for CH;l, the com-
bination vg+ v; peak intensity for MMIn is greater than their
fundamentals.”® A summary of peak assignments is given in
Table 1.

Characteristic of overtone vibrational transitions, the
frequency intervals (430, 424 and 419 cm ™ ') between successive
transitions of the nv; (3,) progression are nearly equal but
decrease with increasing quantum number due to anharmoni-
city. It is possible to estimate the In—C bond dissociation energy

Table 1 Raman bands of CH;In and their assignments

A/nm cross-section
(arb. units)
457.9 A\WVJA\,M‘

476.5 0.32
0.21

AL

514.5 ol W' <0.04

300 350 400 450 500 550
Raman Shift/ cm™!

Fig. 2 Variations of the v; peak and its relative scattering cross-section
of CHsln at several different excitation wavelengths.

in MMIn from the anharmonicity. Assuming that the In-C
interaction potential can be approximated by the standard
Morse potential,” the frequency intervals between succes-
sive transitions in the progression are approximated by
Av(v) = we—wey(2v+1), where v is the vibrational quantum
number, . the fundamental frequency, and w.y. the anhar-
monicity. From the frequency values given in Table 1, it can
be shown that w.~433cm ™' and wey.=3cm ! for the vs
vibration. An upper limit for the In-C bond dissociation
energy (D.) in MMIn can be estimated to be D.xw/
4weye=188.3 kJ mol~!. Although there is considerable uncer-
tainty in the value of the anharmonicity w.y. resulting from
uncertainties in the frequency determination of the transitions,
this estimated value of the bond dissociation energy is close
to the experimental value (170.3 kJ mol™") reported by Jacko
and Price.’

Fig. 2 shows the excitation wavelength dependence of the
intensity and relative Raman scattering cross-section of the v
peak at 430 cm™!. The relative scattering cross-section can
be obtained by measuring the integrated intensity of the v
peak at various excitation wavelengths under the same reactor
conditions and normalizing it with that of the N, vibrational
transition at 2331 cm ™' recorded at the same scan. Since the
carrier N, molecules were in large excess and thus considered
to be at constant concentration, normalization to its vibra-
tional transition cancels possible variations in excitation laser
power and the scattering light detection efficiency. Reliable
values were obtained for excitations of 476.5 and 488.0 nm.
When exciting with a wavelength of 514.5 nm, however, the
scattering transitions associated with MMIn were not obser-
vable and an upper limit was estimated from the noise level.
The value at the 457.9 nm excitation was not reliable because of
a poor signal-to-noise ratio and hence is not listed in Fig. 2.
Although limited wavelengths were studied, the enhancement

Fundamental Overtone Combination

Assignment Frequency/cm ! Assignment Frequency/cm ! Assignment Frequency/cm ™!

v (1)) Not observed

vy (21) 1097 2vy (22) 2178 v+, (6121) 1790
v+2v, (6125) 2856

V3 (31) 430 2V3 (32) 854 Vo+Vv3 (2131) 1524

3V3 (33) 1273 1’2+2V3 (2137_) 1954

Ve+V3 (6131) 1124
ve+2v3 (6132) 1547
ve+3v3 (6133) 1975

v (41) Not observed

vs (51) 1364

ve (61) 696

358 J. Mater. Chem., 2002, 12, 356-360



Z/mm
CH;In In
(CH3)3In

.,-J(/.\i\‘m 1.9
\/'/\——/\*.— 2.9 ____A~_
M__ 39 N\
_—/\J\— 49 | SN ]
___‘__/\. 5.9 D N
400 450 500 2200 2210 2220 2230

Raman Shift/ cm™

Fig. 3 Intensity variations of Raman scattering transitions for
(CHj3);In, CH;ln, and indium along the vertical centerline of the
reactor in thermal decompositions of (CH;)3In. The distance below the
surface of the heated susceptor is designated as z.

factor is likely to increase with slightly decreasing the
wavelength below 476.5 nm.

The centerline concentration profiles of TMIn, MMIn, and
indium were determined by measuring their Raman scatter-
ing transition intensities. An example of the measurement is
illustrated in Fig. 3, which displays the variation of intensities
at different distances away from the susceptor along the
centerline of the reactor. The transitions at 430, 478, and
2215 em ™! were used to monitor the concentrations of MMIn,
TMIn, and indium, respectively. To measure the concentra-
tion of each species, each integrated intensity was divided by
that of the carrier N, vibration at 2331 cm™'. The normalized
intensity provides a measure of the absolute mole fraction
for TMIn, which can be calculated from its vapor pressure at
the source temperature. For the case of MMIn and indium,
it provides a measure of the relative mole fractions since
their Raman scattering cross-sections are unknown. Fig. 4
shows concentration profiles of TMIn, MMIn, and indium
along the centerline of the reactor. The TMIn precursor began
to decompose at ca. 220 °C. The concentrations of TMIn and
indium were found to decrease and increase monotonically
toward the solid/gas interface, respectively. On the other hand,
the MMIn species was observed at the threshold of the TMIn

7°C
488 330 214 120 70
0.03 . . . .

I
8

Mole Fraction (arbitrary units)
=)
=1

0 2 4 6 8 10
Distance from Susceptor/mm

Fig. 4 Concentration profiles of (CH3);In (@), CH3In (A), and indium
(M) along the vertical centerline of the reactor in thermal decomposi-
tions of (CH3)3;In. The mole fraction for TMIn is absolute, and the
mole fractions for MMIn and In are relative. Lines shown in the figure
are the spline interpolation of data.

decomposition and its concentration reaches a maximum at
the distance approximately 2.9 mm away from the susceptor.
The latter observation indicates that the TMIn thermal
decomposition is mostly homogeneous under the current
reactor conditions, in agreement with the results in decom-
position in a He carrier.'°

It should be pointed out that particle formation in the
immediate vicinity of the susceptor was observed as evidenced
by the presence of strong scattering of excitation laser light.
The particle formation was observable only in the region where
significant TMIn decomposition occurred. The particle may be
indium liquid droplets, which are formed by the condensation
of gas-phase indium produced as a result of TMIn decom-
position. This is not surprising considering the fact that an
equilibrium vapor pressure of indium is very low under our
experimental conditions (for example, P=7.9 x 1078 Torr at
527°C).

Conclusion

An analysis of in situ Raman spectra in the pyrolysis of TMIn
in a N, carrier gas showed that TMIn, MMIn and atomic
indium are present in the reaction zone of the OMVPE reactor.
This is the first time that MMIn has been identified by in situ
Raman spectroscopy. The concentration distributions of these
species were also measured and the results indicated that while
TMIn precursor is depleted before reaching the susceptor
surface in the gas phase, both MMIn and indium are present
in the gas/solid interface. Based on the results obtained in this
study, a thorough investigation is under way to study the
homogeneous reaction mechanisms of the InGaN OMVPE in
N, and/or H, environment.
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