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We have used gas-phase infrared spectroscopy to determine the equilibrium constant (Kp) for the formation
of (CH3)3Ga:NH3 and (CH3)3In:NH3 adducts in the 80-230°C range. In this temperature range, and at reactant
concentrations typically used for metal organic chemical vapor deposition, the dominant chemical reaction is
reversible adduct formation/dissociation. Reaction enthalpies and entropies are extracted from the temperature
dependence ofKp, yielding ∆H(Ga) ) -16.3 ( 0.5 kcal/mol,∆S(Ga) ) -32.4 ( 1.2 eu, and∆H(In) )
-15.0( 0.6 kcal/mol,∆S(In) ) -30.3( 1.4 eu. These results will aid current and future modeling efforts,
as well as advance our general understanding of the group-III nitride deposition process.

1. Introduction

Gallium nitride and AlGaInN alloy semiconductors are in
widespread use for a variety of optoelectronic and electronic
applications.1 Metal organic chemical vapor deposition (MOCVD)
is the dominant method of depositing AlGaInN films, which
are typically grown in the 700-1100 °C temperature range.
Unfortunately, the high temperatures required to deposit high-
quality material can also lead to the initiation of parasitic gas-
phase chemical reactions.2-7 These parasitic chemical reactions
have a number of deleterious consequences that generally make
it much harder to control and reproduce the MOCVD process.

We previously reported that the parasitic chemical reactions
during AlGaInN MOCVD lead to the formation of gas-phase
nanoparticles,8-9 which are suspended away from the growing
film by a thermophoretic force. These nanoparticles represent
the end product of a sequence of gas-phase nucleation and
particle growth reactions that are still not well understood. Any
attempt to understand the parasitic chemical mechanism must
at some point deal with possible adduct formation reactions
between NH3 and trimethylgallium (TMGa), or trimethylalu-
minum (TMAl), or trimethylindium (TMIn), as in reaction 1.

Formation of the group-III/ammonia adduct, (CH3)3M:NH3,
appears inevitable at the point where the gases are mixed in
any conventional MOCVD system. Whether or not this reaction
represents the first step in the parasitic chemical reaction
mechanism is still somewhat controversial and may depend on
which group-III element is involved. One pathway often
proposed involves a CH4 elimination reaction from the adduct,
forming the (CH3)2M-NH2 species.10,11Further CH4 elimination
and oligomerization could initiate particle nucleation. We have
recently shown that at∼250 °C the TMAl:NH3 adduct is
completely converted into gas-phase (CH3)2AlNH2 at nominal
MOCVD concentrations and residence times.9 Therefore, adduct
formation and elimination reactions may play an important role
in the early stages of the overall parasitic reaction mechanism
when growing AlN or Al-containing alloys.

Whether or not a similar pathway at MOCVD conditions is
active for TMGa and TMIn is more debatable. Some early
experimental work implied that the analogous pathway for
TMGa is viable,11 but theoretical investigations12 and more
recent experimental work9,13 have questioned the importance
of this pathway. In a recent publication, we used Fourier
transform infrared spectroscopy (FTIR) to examine the initial
reactivity of gas-phase ammonia with TMAl, TMGa, and TMIn,
from room temperature up to∼300 °C, at nominal reactor
concentrations and residence times.9 The irreversible reaction
of the TMAl:NH3 adduct was easily observable, with CH4 being
detected near 120°C and formed quantitatively at 250°C.
However, evidence for the analogous pathway for TMGa:NH3

and TMIn:NH3 was not seen (no CH4 detected) below 280°C.
Instead, reversible adduct formation/dissociation was the domi-
nant chemical reaction for TMGa (TMIn)+ NH3 mixtures. In
this paper, we analyze FTIR spectra in the 80-230°C range to
determine the equilibrium constant (Kp) for the TMGa:NH3 and
TMIn:NH3 adducts. Reaction enthalpies and entropies are
extracted from the temperature dependence ofKp and are
compared to available theoretical and experimental results.

2. Experimental Procedure

Gas-phase infrared spectroscopy was performed with a
Mattson RS-1 FTIR spectrometer. A heatable long path length
gas cell was mounted in the sample compartment of the
instrument (see Figure 1). The IR beam enters and exits through
a single KCl window (6 mm thickness) and is folded once with
a Au-coated spherical mirror (r ) 40.6 cm), giving an internal
path length of∼80 cm. This intermediate value of path length
was chosen as a compromise to yield a reasonable absorbance
for the organometallic precursors and adducts without yielding
an excessive absorbance from the gas-phase NH3 (which is
∼500× higher in concentration). The cell was contained in an
Al-lined furnace and could be heated to∼300 °C. This upper
temperature limit is determined by the thermal properties of
the fluorocarbon-based elastomeric O-ring used on the KCl
window seal. Gas temperature was monitored with three internal
(top-center-bottom) type-K thermocouples, and the maximum
temperature gradient was typicallye2 °C. Spectra were
collected at 2 cm-1 resolution from 450 to 4000 cm-1. At the* Corresponding author. E-mail: jrcreig@sandia.gov.
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higher cell temperatures, the increased absorption by the KCl
window limited the lower effective wavenumber to∼500 cm-1.

The gas cell was connected in parallel with our research
MOCVD reactor and operated at flow rates and pressures in
the same nominal range used for AlGaInN deposition. Gases
were mixed before injection into the cell, with concentrations
kept below the onset of adduct condensation.14 The long internal
gas inlet tube allowed the gases to preheat before they were
fully introduced into the cell.

The total pressure was varied from 50 to 200 Torr, with a
total flow rate of 6.5 slm. For this flow rate, at 300 K and 100
Torr total pressure, the mean residence time in the cell is 3.5 s
(internal volume) 3.2 L). Hydrogen was used as the carrier
gas. The ammonia flow rate was fixed at 1.0 slm, givingP(NH3)
) 15.4 Torr at the 100 Torr total pressure condition. TMGa
and TMIn were delivered using a standard bubbler configuration
to giveP(TMGa) ) 62.8 mTorr andP(TMIn) ) 20.3 mTorr at
the 100 Torr total pressure condition. The partial pressure of
the reactants scales with total pressure, so at 200 Torr the values
are double the 100 Torr values given above. We note that there
is considerable uncertainty in the TMIn vapor pressure15 and
bubbler efficiency, but errors in the metal organic partial
pressure tend to cancel out in the determination of the equilib-
rium constant (see section 3.3). The detection limit for CH4 at
the 100 Torr total pressure condition is 0.3 mTorr, and no CH4

was detected in the temperature range used to determine the
equilibrium constants.

An example of the IR spectrum for a TMGa+ NH3 + H2

mixture (using pure H2 as the reference spectrum) is shown in
Figure 2, curve a. The spectrum is dominated by the strong
NH3(g) absorption, which obscures most of the peaks due to
TMGa:NH3 and/or free TMGa. The NH3 absorption is removed
by using a reference spectrum of a NH3 + H2 mixture at the
same pressure and temperature, revealing a large number of
modes that can be assigned to the TMGa:NH3 adduct (see Figure
2, curve b). Because of strong NH3(g) IR absorption, small
concentration differences between the sample and reference
spectra, and/or slight inaccuracies in the FTIR data acquisition
procedure, sometimes led to small residual NH3-derived features
on the baseline. These artifacts are most often seen at 3335,
1626, 964, and 930 cm-1 and are denoted with asterisks.

3. Results and Discussion

3.1. Infrared Spectroscopy of Ga(CH3)3 + NH3 Mixtures.
Near room temperature and for the reactant partial pressures
studied, the TMGa:NH3 adduct is formed and is nearly 100%
associated. A number of unique modes appear in the TMGa:
NH3 FTIR spectrum (see Figure 3, curve a) that are not

attributed to TMGa(g) or NH3(g). This spectrum is in good
agreement with other reports16-18 and is discussed in more detail
in a previous publication.9 The most intense TMGa:NH3 peak
that does not significantly overlap with any TMGa feature is at
1136 cm-1 and has been assigned as aδs(CH3) mode. Theδs-
(CH3) mode for TMGa:NH3 is shifted significantly from the
corresponding mode in pure TMGa (near 1200 cm-1), so it
serves as a good indicator of the amount of adduct present. Upon
heating above∼100 °C, the equilibrium (reaction 1) begins to
shift back to free TMGa(g) and NH3(g) and the peaks corre-
sponding to the adduct begin to diminish. At 127°C (Figure 3,
curve b), the integrated intensity of theδs(CH3) mode indicates
that roughly 40% of the adduct is dissociated. The spectrum of
the mixture at this temperature is composed entirely of free
TMGa(g) and the adduct, with no CH4(g) or other species
detected. At 269°C (Figure 3, curve c), the adduct modes are
not detectable and the spectrum is identical to pure TMGa(g),
indicating nearly 100% dissociation (∼0% association).

3.2. Infrared Spectroscopy of In(CH3)3 + NH3 Mixtures.
The reaction of TMIn with NH3 has not been studied in as much
detail as the corresponding TMAl or TMGa chemistry. Besides

Figure 1. Schematic of the double-pass FTIR gas cell.
Figure 2. FTIR of a TMGa+ NH3 mixture at 23°C, P(NH3) ) 15.4
Torr, P(TMGa) ) 62.8 mTorr,Ptotal ) 100 Torr. Curve a uses a pure
H2 reference spectrum, and both NH3(g) and adduct modes are visible.
Curve b uses a H2 + NH3 reference spectrum so only adduct modes
are visible. Asterisks (*) denote small residual NH3 artifacts in curve
b.

Figure 3. FTIR of TMGa+ NH3 mixtures at 100 Torr total pressure
for temperatures of (a) 53, (b) 127, and (c) 269°C. Partial pressures
areP(NH3) ) 15.4 Torr,P(TMGa) ) 62.8 mTorr. NH3 absorption has
been removed and curves have been offset for clarity.
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our work, only one other IR study has been reported,19 in this
case for matrix-isolated (condensed-phase) TMIn:NH3. Our
spectrum for the gas-phase TMIn:NH3 adduct is shown in Figure
4, curve a. Many qualitative similarities between the TMIn:
NH3 and TMGa:NH3 adduct are apparent. On the basis of
similarities with the TMGa:NH3, we previously assigned the
intense peak at 1106 cm-1 seen for TMIn:NH3 to theδs(CH3)
mode.9 This peak is also a good indicator of the amount of
TMIn:NH3 present because it does not significantly overlap with
any TMIn modes.

As the TMIn + NH3 mixture is heated to∼100 °C, simple
adduct dissociation occurs, analogous to the case for TMGa:
NH3. The spectrum of a TMIn+ NH3 mixture at 110°C is
shown in Figure 4, curve b, and the intensity of theδs(CH3)
adduct mode indicates∼40% dissociation. Spectra in the 100-
200 °C range appear as linear combinations of TMIn:NH3 and
TMIn, and no CH4 or other species are detected. At 269°C,
the spectrum of the mixture (Figure 4, curve c) is identical to
pure TMIn, indicating nearly 100% dissociation of the TMIn:
NH3 adduct.

3.3. Determination of the Equilibrium Constant (Kp). The
infrared spectra of the TMGa (TMIn) mixtures allow us to
calculate the degree of association (R), see eq 2, whereP(adduct)
) adduct partial pressure,P(MO)0 ) initial TMGa or TMIn
partial pressure. From the degree of association, we can
determine the equilibrium constant (Kp), see eq 3. The expres-
sion in eq 3 is simplified because the NH3 partial pressure (in
great excess) is not affected by the degree of association.

In practice,R is determined from the ratio of the integrated
absorbance of theδs(CH3) adduct mode to its integrated
absorbance near room temperature, after accounting for ideal
gas expansion. Results for TMGa:NH3 are shown in Figure 5,
and results for TMIn:NH3 are in Figure 6, as a function of
temperature and total pressure (partial pressures scale with total
pressure in these experiments). Generally,R begins to fall at
temperatures above 100°C, with the TMIn:NH3 adduct being
somewhat less stable than the TMGa:NH3 adduct. As expected,
increasing the NH3 partial pressure causesR to increase, as the
equilibrium (1) is shifted back toward adduct formation. The
solid lines in Figures 5 and 6 are generated using the equilibrium

constants derived from this analysis (vide infra), and they
reproduce the observed temperature and pressure dependence
extremely well.

After obtainingR, it is a simple matter to calculateKp, and
the results for TMGa:NH3 and TMIn:NH3 are shown in Figures
7 and 8, respectively. Measurements ofR at differing pressures
generate a commonKp, as expected. The enthalpy and entropy
change for reaction 1 can be extracted from the temperature
dependence ofKp. For TMGa:NH3, the best fit (weighted least
squares, 24 points) yields∆H ) -16.3( 0.5 kcal/mol and∆S
) -32.4( 1.2 eu. Comparison of these values to a variety of

Figure 4. FTIR of TMIn + NH3 mixtures at 100 Torr total pressure
for temperatures of (a) 23, (b) 110, and (c) 269°C. Partial pressures
areP(NH3) ) 15.4 Torr,P(TMIn) ) 20.3 mTorr. NH3 absorption has
been removed and curves have been offset for clarity.

Figure 5. Temperature dependence of the degree of association (R)
of TMGa + NH3 mixtures at:P ) 50 (9), 100 (2), and 200 (b) Torr.
Solid curves are generated from eq 3.

Figure 6. Temperature dependence of the degree of association (R)
of TMIn + NH3 mixtures at: P ) 50 (9), 100 (2), and 200 (b) Torr.
Solid curves are generated from eq 3.

Figure 7. Equilibrium constant for TMGa:NH3 mixtures, triangles
represent experimental data; best fit, curve a; experimental value, ref
20, curve b; ref 22, curve c; ref 21, curve d; ref 23, curve e; theoretical
value, ref 20, curve f.

R ) P(adduct)/P(MO)0 (2)

Kp ) (P(adduct)/P(MO)P(NH3)) ) (R/(1 - R)P(NH3)) (3)
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experimental and theoretical measurements is shown in Figure
7 and Table 1. The only other direct experimental measurement
of Kp was by Pelekh and Carr,20 who used a total pressure
measurement method for equimolar NH3-TMGa mixtures
between 40 and 100°C (Figure 7, curve b). In the range of
overlap, our measurements agree within experimental uncertain-
ties (at 100°C, they agree within 5%, see Table 1). Values of
∆H and∆S from Pelekh and Carr20 are both slightly smaller in
magnitude than our measurement, but the agreement is within
experimental uncertainties.

Przhevalskii et al.21 used an indirect experimental estimate
for the enthalpy (∆H ) -18.6 kcal/mol) and derived the entropy
change from a variety of experimental sources. Their overes-
timation of ∆H leads to an equilibrium constant that is about
8× too large (Figure 7, curve d) at 100°C. The theoretical
values of∆H range from-15.9 to-20.5 kcal/mol, and values
of ∆S range from-37.5 to - 41.9 eu.20,22-25 Some of the
theoretical values for∆H are in good agreement with the
experimental values (this work and ref 20), but∆Sis consistently
overestimated (in magnitude), which generally leads to an
underestimation ofKp.

For TMIn:NH3, the best fit (weighted least squares, 20 points)
from theKp data yields∆H ) -15.0( 0.6 kcal/mol and∆S)
-30.3( 1.4 eu (Figure 8, curve a). For the TMIn adduct, there
are much fewer theoretical studies and no experimental studies
with which to compare our results. The two theoretical values
for ∆H are slightly more negative than our result (see Table 2),
but the agreement should be considered good. The theoretical

value for∆S from Cardelino et al.26 is also in good agreement
with our result, but the resulting value forKp is about 7× too
large (Figure 8, curve b) at 100°C.

Finally, we note the similarity in the TMGa:NH3 and TMIn:
NH3 results. The formation of the TMGa adduct is slightly more
energetically favorable (by 1.3 kcal/mol) than the TMIn adduct.
If the entropy change for each adduct were the same, thenKp

for the TMGa adduct would be∼6× larger than the TMIn
adduct (at 100°C). However,∆S for the TMGa adduct is more
negative than the TMIn adduct, resulting inKp(Ga) being only
2× larger thanKp(In). In fact, at temperatures>500 °C, our
results imply thatKp(In) will become larger thanKp(Ga).

4. Summary

In the 20-270 °C temperature range, reversible adduct
formation-dissociation is the dominant reaction observed by
FTIR for TMGa + NH3 and TMIn + NH3 mixtures, at
concentrations typical of GaN and InGaN MOCVD inlet
conditions. Using the FTIR spectra, the equilibrium constant
(Kp) for the two adducts was determined in the 80-230 °C
range. Results forKp(Ga) are in excellent quantitative agreement
with values from Pelekh and Carr20 near 100°C (where the
two experimental methods overlap). Reaction enthalpies and
entropies are extracted from the temperature dependence ofKp,
yielding ∆H(Ga) ) -16.3 ( 0.5 kcal/mol,∆S(Ga) ) -32.4
( 1.2 eu, and∆H(In) ) -15.0( 0.6 kcal/mol,∆S(In) ) -30.3
( 1.4 eu. The observed reaction enthalpy of the TMGa:NH3

adduct is in good agreement with the value from Pelekh and
Carr20 and some of the more recent theoretical calculations.20,25

For the TMGa:NH3 adduct, the quantum chemical calculations
tend to calculate a∆S that is more negative than we observe,
which causes the theoretical values forKp(Ga) to be underes-
timated by about 1 order of magnitude. Much less literature
exists for the TMIn:NH3 adduct, but the experimentally observed
reaction enthalpy and entropy of the TMIn:NH3 adduct are in
good agreement with recent theoretical calculations. Although
the TMGa:NH3 adduct has a larger reaction enthalpy than the
TMIn:NH3 adduct (as expected), net values forKp(Ga) and
Kp(In) are relatively close, being within a factor of 2 over the
range measured. These results will aid current and future
modeling efforts, as well as advance our general understanding
of the group-III nitride MOCVD process.
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