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High temperature gas phase reactions between trimethylgallium~TMG! and ammonia were studied
by means ofin situmass spectroscopy in an isothermal flow tube reactor. The temperature, pressure,
and reaction time were chosen to emulate the gas phase environment typical of the metal–organic
vapor phase epitaxy~MOVPE! of GaN. The main gas phase species is@(CH 3!2Ga:NH2#x , where
most probablyx53, resulting from the very fast adduct formation followed by elimination of
methane. The further gas phase decomposition of this species proceeds through the stepwise
elimination of methane. These studies indicate that little TMG exists within the growth ambient
under most MOVPE growth conditions. The further gas phase reaction of@(CH3!2Ga:NH2#x may be
responsible for the strong dependence of the MOVPE GaN growth rate and uniformity commonly
observed. ©1996 American Institute of Physics.@S0003-6951~96!00527-X#
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The metal–organic vapor phase epitaxy~MOVPE! has
emerged as the current growth technique of choice for t
growth of GaN for device structures.1 Recent successes in
the MOVPE formation of commercially viable blue and
green light emitters have resulted in an increased activity
understanding the growth process and its relationship to t
physical properties of these materials. While MOVPE ca
produce these materials, the growth of device-quality GaN
complicated by the severe and complicated gas phase in
actions, that occur betweentrimethylgallium @~TMG or
(CH3!3Ga# and ammonia, NH3 which are the commonly used
growth precursors.2 These gas phase interactions have bee
suggested to lead to gas phase depletion of the growth nu
ents leading to a degradation in the growth uniformity an
efficiency.3 A primary gas phase reaction is the strong addu
forming reaction between NH3 and TMG.4–7 In this present
study, we have directly monitored this gas phase reaction
order to better understand its impact on the growth proce
and system design under those conditions particularly impo
tant for MOVPE growth. The species responsible for growt
are the direct result of these gas phase reactions.

The gas phase reactions of both TMG and NH3, indi-
vidually, are relatively understood at this point. The pyroly
sis of TMG has been widely studied.8–12 The initial step in
the TMG decomposition is generally agreed to be the r
moval of the first methyl radical, resulting in methane as th
main product released in the decomposition. In the stepw
first order decomposition of TMG, an apparent activatio
energy has been measured for the first and second met
groups, of 58–60 kcal/mol~Refs. 8 and 10! and 35.4 kcal/
mol, respectively.8 Under similar thermal conditions ammo-
nia is quite stable. The gas phase decomposition of NH3

occurs only at very high temperatures.13 The heterogeneous
decomposition of NH3 may, therefore, be essential to GaN
growth.

The gas phase reaction between (CH3)3Ga and NH3 is
less understood, particularly at elevated temperatures char
teristic of MOVPE growth environments. TMG and NH3,
like other III–V Lewis acid–Lewis base combinations,4 can
form intermediate coordination compounds at low
temperatures.5–7,14,15 The adduct compoundtrimethylgalli-
ummonamine~TMG:NH3! forms between the electron ac-
Appl. Phys. Lett. 69 (1), 1 July 1996 0003-6951/96/69(1)/55/
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ceptor ~Lewis acid! TMG and the electron donor~Lewis
base! ammonia, as indicated in Eq.~1!:

~CH3!3Ga1NH 3⇔~CH3!3Ga:NH3. ~1!

The structure, thermodynamic properties, and reaction
mechanisms of this adduct at low temperatures have bee
intensely studied.5–7,14 It has a moderate melting point of
31 °C and has a low vapor pressure of about 1 Torr at room
temperature.15 The estimated and measured strength of this
Ga–N coordination bond are 21.1 kcal/mol and 18.5 kcal/
mol, respectively.3 Recent studies show that at;90 °C this
adduct reacts to form a six member ring,Cyclo(trimmido-
hexamethyltrigallium)@(CH3!2Ga:NH2#3, with the release of
one methane molecule per Ga atom.15,16This process can be
described by the reaction

3@~CH3!3Ga:NH3#⇒@~CH3!2Ga:NH2#313CH4. ~2!

As indicated by Eqs.~3! and ~4!, this overall reaction is
suggested to proceed in two steps. The first step is the
methane-elimination reaction with the subsequent release o
a single CH4. The second step is the oligomerization of this
specie into the three member ring.

~CH3!3Ga:NH3⇒~CH3!2Ga:NH21CH4, ~3!

3@~CH3!2Ga:NH2#⇒@~CH3!2Ga:NH2#3. ~4!

The estimated energy required for the elimination reaction is
49 kcal/mol.3

As stated above, the gas phase chemistry relevant to
MOVPE growth of GaN, however, takes place at tempera-
tures that are significantly higher, ranging from a few hun-
dred degrees C to near 1100 °C. The actual significance o
adduct formation and decomposition at these higher proces
temperatures has not been determined despite the potenti
impact that these reactions can have on the growth rate an
uniformity.

We studied the high temperature gas phase reactions be
tween TMG and NH3 by means ofin situmass spectroscopy
within a flow tube or model isothermal reactor. The gas
phase decomposition of TMG, NH3, and the combined
TMG–NH3 ~ND3! systems in H2 and D2 were studied over
the temperature range 100–800 °C. The room temperatur
553/$10.00 © 1996 American Institute of Physics
to¬AIP¬license¬or¬copyright,¬see¬http://apl.aip.org/apl/copyright.jsp



v

e
t
d

le

s-
es
he
al

d
am
n
he
e
ed

al

G

.
at

-
tz
e
of
e
–N

ts

/
s
d-
to
r
d

in

i-

,
.
hts
al

n

i

G

formation of the liquid TMG–NH3 adduct complicates the
experimental determination of the high temperature beha
of these compounds. In order to circumvent any premat
partial decomposition of the TMG prior to mixing and reac

FIG. 1. The temperature dependence of the TMG-derived mass spec
copy peaks are tracked for both the TMG/H2 ~filled symbols! and TMG/
NH3 /H2 ~empty symbols! systems. This figure shows the normalized inte
sity of mass 69 and mass 84 to that of mass 99. The shift in the ratio of
69/99 and 84/99 mass peaks between these two chemical systems ind
the formation of the gas phase adduct.

FIG. 2. The temperature dependence of decomposition within the TM
H2 ~a! and TMG/ H2 /NH3 ~b! systems. Immediate reaction between TM
and ND3 results in the elimination of a single CH3D is observed at higher
temperature. Complete decomposition of TMG within the TMG/H2 /ND3

system is achieved at about 50 °C higher than without TMG/H2.
56 Appl. Phys. Lett., Vol. 69, No. 1, 1 July 1996
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ing with the NH3, a two temperature zone reaction furnac
was used.17 To avoid any unintentional adduct formation a
room temperature, the two primary reactants, TMG an
NH3, were allowed to mix only in this first hot zone of the
reactor. The initial gas phase reaction, forming the volati
adduct, occurs at temperatures,200 °C within this first
zone. This adduct and its initial reaction products are tran
ported to the second temperature zone where it undergo
decomposition over a temperature range up to 800 °C. T
reacted stream was sampled from within the hot isotherm
regions of the reactor through an initial 75mm diameter
nozzle, and was further expanded in molecular flow an
measured by a residual gas analyzer. The inlet gas stre
contained 0.5% of Ar during all experiments. Gas expansio
artifacts in the mass spectroscopy data were eliminated in t
data analysis through the normalization of all signals to th
Ar peak intensity. Separate temperature scans were obtain
using CH4, TMG, and NH3 alone, which served to provide
an accurate calibration for the determination of the parti
pressure of the reaction products in later measurements.

The gas phase homolysis of TMG in H2 and D2 was
carried out and compared to previous measurements of TM
decomposition in H2 ~Ref. 10! as a reference. The TMG
mole fraction in the inlet of the reactor was 0.015–0.05
Measurements of the copyrolysis of TMG and ammonia,
high temperatures, utilized both NH3 as well as in deuterated
ammonia, ND3, in order to distinguish between possible re
action mechanisms. All experiments were done in a quar
flow tube reactor at a MOVPE pressure of 76 Torr. Th
adduct and related compounds do not have a unique set
peaks since the relatively high energy electron impact in th
mass spectrometer immediately breaks the adduct Ga
bond.18,19 The peak atm/e569, 84, and 99, characteristic of
TMG decomposition, can also be indicative of the adduc
(CH3!3Ga:NH3 and (CH3!2Ga:NH2.

The TMG decomposition in both H2 and H2/NH3 is pre-
sented in Fig. 2. Differences between the reaction in H2 and
in H2/NH3 ambients were found in the ratio of them/e569
and 84 to that ofm/e599. Several features are indicated in
Fig. 1. The shift in the peak height ratio between the TMG
H2 and TMG/H2/NH3 cases indicates that there is a ga
phase reaction occurring, leading to a thermally stable pro
uct, presumably an adduct or adduct-reacted product, up
temperatures of 500 °C. More importantly, there is little o
no thermal decomposition indicated in the TMG-derive
peaks in either the H2 or H2/NH3 ambients over this tem-
perature range.

The temperature dependence of decomposition, with
the TMG/H2 and TMG/H2/NH3 systems is presented in Fig.
2. Peaks atm/evalues of 16, 17, 30, and 99 were monitored
corresponding to molecular fragments of CH4,
CH3D, C2H6 and (CH3!2Ga. The decomposition of TMG in
H2 follows trends previously reported with an apparent act
vation energy determined to be 400–500 °C to be 51.461.5
kcal/mol and a pre-exponential factor of~8.460.76!
31013 s21. The principal reaction product is methane
CH4, with ethane, C2H6, being found at higher temperatures
The simple mass balance between the calibrated peak heig
of all the carbon based peaks accounts for all of the initi
carbon in the form of CH4 and C2H6. These results are in
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agreement with previous determinations of these pyroly
reactions.9–11

The decomposition of TMG in a feed composition
60% H2, 35% ND3 and 5% TMG is also presented in Fig. 2
Several trends are readily noted. There is an immediate
action between TMG and ND3 resulting in the elimination of
a single CH3D molecule over the temperature range
,200 °C–;500 °C. No further reaction, beyond this initia
release of methane is noted until a temperature of;500 °C.
The decrease in the TMG~adduct!-derived peaks occurs at
temperature;50 °C higher than the TMG/H2 mixture. The
full decomposition results in the stepwise elimination
CH3D. A total of three CH3D/TMG molecules is formed at
high temperatures. The overall apparent activation energy
the elimination of the last methyl group is 48.765.3 kcal/
mol, and the Arrhenius preexponential factor for this app
ent first order process is (4.360.41)31013 s21. The activa-
tion energy value is not only very close to that previous
measured for the homolysis of TMG in H2, but also to the
estimated required energy for methane elimination.3 Unlike
TMG/H2-based pyrolysis, we see very little C2H6 in the re-
action products, even at high temperatures. Analogous
periments with TMG/NH3/D2, run under identical condi-
tions, failed to produce CH3D, with only CH4 found in the
product stream, similar to the TMG/AsH3 system.

10 The ho-
molysis of CH3 from the adduct species with a subseque
gas phase reaction with ammonia or hydrogen is not favo
under our experimental conditions. Published rate const
for the gas phase reaction between methyl radicals, CH3, and
either NH3 ~ND3 in the present study! or H2 ~Ref. 13! indi-
cate that the gas phase formation of CH4 would be greater
than, or comparable to the formation of CH3D. Our experi-
ments utilizing ND3 or D2 clearly indicate that all gas phas
elimination of methane results from an intramolecular re
tion or between the adduct-derived species and the ex
ammonia.20

While a complete reaction model for the high tempe
ture decomposition of TMG:ND3 species cannot be obtaine
from these measurements, several conclusions can be m
concerning the gas phase chemistry within a MOVPE grow
environment, which can impact the design and growth p
cessing conditions within this system. The formation of a g
phase adduct occurs at an extremely high rate when c
pared to;1 s residence within our flow tube reactor. The g
phase species, presumably TMG:ND3 immediately self-
eliminates a CH3D molecule at all temperatures monitore
~T.150 °C!. The formation of the trimeric cyclic compoun
is predicted at low temperatures, however, our experime
system would not be capable of directly determining the
high molecular weight species. This methane-eliminated s
cies,@(CH3!2Ga:ND2#x , is quite stable over the temperatu
range of 200–500 °C. The shift in decomposition tempe
ture, while possessing a similar activation energy to
TMG/H2 pyrolysis, indicates that the preexponential factor
the kinetic rate expression for these reactions is lower re
tive to the TMG/H2 case. Decomposition o
@(CH3!2Ga:ND2#x finally proceeds until three CH3D mol-
ecules are removed per initial (CH3)3Ga molecule. The final
solid reaction product is unknown but is, however, presum
to be Ga or perhaps a GaN/Ga mixture.
Appl. Phys. Lett., Vol. 69, No. 1, 1 July 1996
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The implication of these studies for the design and op-
eration of MOVPE reactors for GaN growth is several fold.
In most or all MOVPE growth systems operating at conven-
tional pressures~1–760 Torr!, little, if any, ~CH3)3Ga exists
in the growth environment. The rapid adduct formation reac-
tion together with the immediate release of a single methane
molecule implies that the dominant gas phase species within
the reactor, at actual growth, is@(CH3)2Ga:NH2#x , with
most probablyx53. The further gas phase decomposition is
due to the intramolecular elimination of CH4 from this spe-
cies or reaction with the excess ammonia. These reaction
can happen within the heated gas phase region above th
MOVPE growth surface. The reactions of this species in the
gas phase, through decomposition or further oligomerization
should be the principal mechanism by which the growth rate
and growth rate uniformity is affected by the specific reactor
design. Larger molecules, and eventually particles, will af-
fect the growth rate through differences in the transport rate
to the surface resulting from a difference in diffusion and
thermal diffusion coefficients. The further decomposition of
this species can be suppressed by an appropriate design
the MOVPE reactor. Several reactor schemes have been ut
lized to reduce ‘‘parasitic’’ gas phase reactions including
separate injection of the growth species, split tube reactors
as well as the use of high gas velocities and low reactor
pressures. Such system innovations can reduce the residen
time or time at temperature in the gas phase of this specie
altering the eventual composition of the flux to the growth
front.
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