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Abstract

Accurate prediction of epitaxial thin film properties requires complete knowledge of the chemical reaction kinetics that occurs in the

gas phase and at the deposition surface. The choice of reactor operating conditions and physical designs has a significant influence on the

selectivity among different reaction pathways, as is the case in GaN where two competing reaction pathways exist. The extent to which

each pathway participates in the total deposition scheme is a function of reactor geometry, operating conditions, and the degree of

precursor mixing as determined by the design of gas delivery systems. A detailed chemistry model is developed in this paper to study the

interplay between the transport of reactants, adduct formation chemistry, and deposition kinetics within a MOVPE reactor showerhead

system. This paper will demonstrate both qualitative and quantitative validation of the chemistry model to showerhead deposition

experiments.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Gallium nitride together with AlN and InN are
considered key III–V compound semiconductors for
developing advanced electronic and optoelectronic devices.
Metalorganic vapor phase epitaxy (MOVPE) has emerged
as the principal technique of choice for growth of single-
crystalline layers of GaN [1]. However, understanding the
mechanisms governing epitaxial growth of GaN is made
complicated by an intricate network of chemical reactions
between the commonly used precursors trimethylgallium
((CH3)3Ga) and ammonia (NH3). Several research groups
have conducted experimental and theoretical kinetic
studies in an effort to construct reaction mechanisms
describing GaN growth. A majority of these reaction
e front matter r 2006 Elsevier B.V. All rights reserved.
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mechanisms describe GaN growth by means of two
competing reaction routes: adduct formation and thermal
decomposition (Fig. 1).
The adduct formation route is characterized by a

spontaneous gas phase reaction between trimethylgallium
((CH3)3Ga) and ammonia (NH3), to form stable Lewis
acid–Lewis base adducts [2,3]. Upon formation, the adduct
molecule can either revert to TMG and NH3 or undergo a
methane elimination step leaving dimethylgallium amide,
(CH3)2Ga:NH2 in the gas-phase. What happens after
methane elimination is not fully understood. Oligomeriza-
tion of the dimethylgallium amide, (CH3)2Ga:NH2, to form
a six member ring compound, [(CH3)2Ga:NH2]3, is
frequently included as a major pathway in the mechanisms
proposed in the literature [1,4–8]. The final step in the
adduct formation route is unidentified, but generally is
represented by the breakdown of the trimer species into
low molecular weight products and large amounts of
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Fig. 1. Gallium nitride gas phase chemical reaction pathway consisting of upper (adduct formation) and lower (thermal decomposition) routes.
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methane. Due to a limited amount of information on these
low molecular weight products, their physical properties
are taken to be that of GaN in this paper.

Unlike the adduct formation route, the thermal decom-
position route is relatively well understood. The decom-
position pathway is characterized by three sequential, first-
order reactions. The first reaction is the breakdown of
TMG to dimethyl-gallium (DMG) and a methyl radical. In
the same fashion, two more methyl radicals are formed as
DMG decomposes to monomethyl-gallium (MMG) which
eventually gives elemental gallium (Ga). These reactions
produce a total of three methyl radicals per TMG
molecule; the kinetic data associated with this decomposi-
tion pathway is routinely included in kinetic models
describing growth of GaN by numerous research groups
[1,5,6]. An overview of both adduct formation and thermal
decomposition routes is found elsewhere [9].

The extent of gas-phase reactions can be controlled
through the design of gas delivery systems which range
from those resulting in complete mixing to minimal or no
mixing of the precursors before being fed to the reactor
chamber. It should be noted that for designs that suppress
reactions in the gas delivery system, complete mixing of the
precursors must take place close to the wafer surface to
facilitate uniform film thickness [1]. Accordingly, optimiza-
tion studies geared towards understanding the relationship
between reactor geometry, operating conditions, and
deposition kinetics have been performed by others
[4,10–12]. Studies such as these give insight into how
reactor design elements should be modified to best achieve
high-quality thin films of GaN with a spatially uniform
thickness.

This paper studies the interplay between the transport of
reactants, adduct formation chemistry, and deposition
kinetics within a MOVPE reactor showerhead system.
The reactor consists of a cooled-wall horizontal chamber
with a showerhead above a single wafer resting on a heated
susceptor (Fig. 2). In this design, reactant precursors are
completely mixed before being fed to the showerhead
allowing us to study one extreme case for the range of gas
delivery system designs discussed above. Holes are ar-
ranged in a series of concentric rings in the showerhead and
are drilled through the lower quartz plate. The transpar-
ency of the showerhead provides a unique design feature
which enables us to make the connection between reactor
design and chemical kinetics as concrete as possible: after
each growth run, the showerhead is removed from the
reactor and significant deposition is observed (Fig. 3).
More importantly, the deposition pattern is distinct in that
there exists two physically different regions: a central
region with little or no deposits and an annular region
containing large amounts of deposits.
A detailed transport-reaction model is developed in this

paper and applied to the showerhead portion of this
reactor configuration. The model attempts to capture the
deposition process inside the showerhead in both a
qualitative (spatial distribution of deposition pattern) and
quantitative (weight measurements) fashion. The paper is
organized in the following manner—a brief overview of the
heat and transport model, and a discussion of the kinetic
model are presented in Sections 2.1 and 2.2, respectively. In
Section 3, comparison between experimental results and
model predictions is presented.

2. Showerhead model development

2.1. Heat transfer and species transport model

Expanding on some of the ideas for showerhead
modeling presented in Ref. [13], a physically based model
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Fig. 2. Single wafer MOVPE reactor showerhead system.

Fig. 3. Showerhead deposition pattern: before growth run (left) and after growth run (right).

1Note that the physical properties will vary from segment region to

segment region depending on the region’s temperature and mean pressure.
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describing heat transfer and gas transport through the
showerhead was developed by Hoffman and Adomaitis
[14]. Their model was constructed from simplified descrip-
tions of gas flow and heating through each component in
the showerhead. The model predicts gas velocity ðvÞ, gas
density ðrÞ, gas temperature ðTgasÞ, and pressure ðPÞ at
radial positions inside the showerhead. A complete
description of the showerhead heat and transport model
is found in the cited work [14]. However, because results
obtained from their model are subsequently used as inputs
into the kinetic model developed in this paper, key aspects
of the showerhead heat and transport model are presented
in this section.

A cross-sectional view of the showerhead configu-
ration is shown in Fig. 4. Notation for some shower-
head design parameters and simulation variables are
denoted as

hole ring radii : R1; . . . ;RM ,
gas radial velocity inside showerhead : u1; . . . ; u2M�1,

reactant gas velocity through holes : v1; . . . ; vM ,

and showerhead gas pressure : P1; . . . ;P2M�1.

where m ¼ 1; 2; . . . ;M (m ¼ 1 always refers to the shower-
head center, whether or not a center hole is used).

2.1.1. Radial flow momentum and mass balances

A momentum balance for the radial component of the
inter-plate gas velocity field can be written as

r
2

qv2r
qr
¼ �

qP

qr
þ m

q
qr

1

r

q
qr

rvr þ m
q2vr

qz2
(1)

assuming r and m are constant within each segment
region.1 Under the assumption of fully developed laminar
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Fig. 4. A cross-sectional view of the showerhead configuration and notation for the design parameters and simulation variables.
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gas flow in the showerhead,2 the radial component of gas
velocity vr can be written as

vr ¼ vmax
r

DZ

2

� �2

� z2

" #
4

D2
Z

 !
. (2)

Defining u to be the mean over z, we find

uðrÞ ¼
2

3
vmax

r . (3)

In between the rings of holes,3 the continuity equation
gives

d

dr
ru ¼ 0. (4)

Therefore, if the velocity profile at the entrance to each
inter-ring segment is vinr;mðzÞ, the velocity profile within this
segment can be written as

vrðr; zÞ ¼
vinr;mðzÞRm�1

r
. (5)

Constant gas density in between the rings of holes is
assumed in the derivation of the continuity equation for the
model developed in this section. However, it should be
noted that a small modification to the constant density
continuity equation (4) is used for the kinetic model
developed in Section 2.2 in order to maintain accurate
species material balances.

Substituting Eq. (3) into Eq. (2) and comparing the
result to Eq. (5), we see that

vr ¼
3

2
u2m�3

DZ

2

� �2

� z2

" #
4

D2
Z

 !
Rm�1

r

� �
. (6)

Eq. (6) now is differentiated twice with respect to z and the
result is substituted into the last term of Eq. (1); the
continuity equation (4) eliminates the second-to-last term
2Calculation of the Reynolds number for the gas flow between two

parallel plates for nominal operating condition shows this is a valid

assumption.
3We assume Rm � Rm�1bRh in the derivation of all modeling

equations.
of Eq. (1) giving

r
2

dv2r
dr
¼ �

dP

dr
�

12mu2m�3

D2
Z

Rm�1

r

� �
þ gðu2m�3Þ, (7)

where the nonlinear term gðuÞ accounts for deviations in
the true contribution of frictional losses due to non-fully
developed flow and other effects. Because gðuÞ ! 0 as
u! 0, linearizing this unknown function and incorporat-
ing it in Ref. (7) gives

r
2

dv2r
dr
¼ �

dP

dr
�

12mkfu2m�3

D2
Z

Rm�1

r

� �
, (8)

where the friction factor kf40 will be determined from
across-wafer uniformity measurements [14].
Averaging Eq. (8) over z and assuming the pressure P is

a weak function of z gives

3r
5

du2

dr
¼ �

dP

dr
�

12mkfu2m�3

D2
Z

Rm�1

r

� �
. (9)

Integrating Eq. (9) over one of the regions between
consecutive hole rings gives

3r
5
ðu2

2m�2 � u2
2m�3Þ

¼ �P2m�2 þ P2m�3

�
12kfmu2m�3Rm�1

D2
Z

ln
Rm

Rm�1
; m ¼ 3; 4; . . . ;M. ð10Þ

A momentum balance (after Ref. [15]) at each hole ring
junction point gives

P2m�2 � P2m�1 ¼ kprðu2
2m�1 � u2

2m�2Þ; m ¼ 2; 3; . . . ;M,

(11)

where a (positive) pressure jump occurs at each hole ring
due to the drop in radial velocity resulting from gas flowing
out of the ring of showerhead holes. The correction factor
0pkpp1 is discussed in Ref. [15] and accounts for any
radial velocity component of the flow leaving the control
volume through the showerhead holes.
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Fig. 5. A cross-sectional view of a showerhead annular segment, showing

all relevant heat transfer terms.
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2.1.2. Flow through the showerhead holes

Each hole in the lower showerhead plate forms a cylinder
with radius Rh and length DL. The coordinate system for
each hole consists of the local radial position r0 (i.e., r0 ¼ 0
at each hole centerline) and global axial direction z. A
momentum balance for the reactant gas passing through a
showerhead hole gives

r
2

qv2z
qz
¼ �

qP

qz
� m

1

r0
q
qr0

r0
qvz

qr0

� �
.

If vm is the mean velocity of the gas passing though each
showerhead hole and accounting for any deviations from
fully developed flow in the same manner as Eq. (7), the
momentum balance equation can be reduced to the
following simplified form:

2r
3

v2m þ
8ksmvmDL

R2
h

¼
P2m�2 þ P2m�1

2
� Pc; m ¼ 2; 3; . . . ;M

(12)

(compare this to Eq. (7) of Ref. [13]). We note this equation
uses the mean of the pressure difference across each hole
row (11); the equation describing the gas velocity through
the center hole ðv1Þ is

2r
3

v21 þ
8ksmv1DL

R2
h

¼
P1 þ 2Pft

3
� Pc (13)

with

Pft ¼ P1 �
3r
5

u2
ft; uft ¼ u2

r2

Rft
. (14)

In these equations, Pft, uft, and Rft represent the feed tube
pressure, velocity, and radius, respectively.

2.1.3. Continuity equations

A material balance over the center-most region of the
showerhead gives

Qr1 � 2pR2DZu2r1 ¼ pN1R2
hv1r1 (15)

and a material balance at each showerhead ring junction
gives

2RmDzðu2m�2rm�1 � u2m�1rmÞ ¼ NmR2
hvmrm,

m ¼ 2; 3; . . . ;M. ð16Þ

Here, Q represents the total volumetric flow into the
showerhead and Nm the number of holes in each ring.
Finally, the continuity equation between each ring relates
the radial velocity value at the downstream edge of one
hole ring to the velocity at the leading edge of the next ring:

Rmu2m�2 ¼ Rm�1u2m�3; m ¼ 3; 4; . . . ;M. (17)

Symmetry at r ¼ 0 and no radial flow at r ¼ Rsh (Rsh

corresponds to the radius of the showerhead) require

u1 ¼ 0; u2M�1 ¼ 0 (18)

and the centerline pressure P1 is approximated as the sum
of the pressure drop required to accelerate the gas to the
radial velocity uft and the pressure difference found using
Eq. (10) evaluated over RftprpR2:

3r
5

u2
2 ¼ �P2 þ P1 �

12kfmuftRft

D2
Z

ln
R2

Rft
, (19)

where uft was defined in Eq. (14). Recall that the pressure
P1 includes the influence of the ð3r=5Þu2

ft term contained in
its definition (14).

2.1.4. Showerhead temperature model

The temperature distribution for the top showerhead
plate T topðrÞ, the bottom showerhead plate TbotðrÞ, and the
reactant gas flowing in between them TgasðrÞ is computed
from an energy balance that takes into account three
modes of heat transfer: radiation, conduction, and sensible
heat changes due to flow and heating of the reactants inside
the showerhead (Fig. 5). Radiative heat transfer occurs
between the following reactor elements: heated susceptor
(wafer) and showerhead bottom and top plates; shower-
head top and the reactor liner walls; and top and bottom
plates themselves. Conduction of heat occurs between the
following reactor elements: showerhead and susceptor;
showerhead top and liner walls; and reactant gas and
showerhead top and bottom plates. Based on simulation
studies of the heat transfer model, an accurate representa-
tion of the radiative heat transfer between the showerhead
top plate and the susceptor as a result of reflection off the
liner tube reflective gold coating (qrrw in Fig. 5) is essential
in predicting accurate temperature distributions. An
important parameter in this energy balance is g, which
represents the percentage of the liner surface that is covered
with a gold coating. The value of g is set between the 0 and
1, where g ¼ 1 corresponds to a fully coated (highly
reflective) liner.
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The temperature distribution of the showerhead plates
and reactant gas is approximated by a piece-wise contin-
uous and locally constant function. The modeling equa-
tions to be solved consist of a large set of nonlinear
algebraic equations: the equations describe the spatially
discretized showerhead gas energy balance, the showerhead
top and bottom plate energy balances, and the showerhead
gas momentum balances and continuity equations.

Results for gas velocity, pressure, gas temperature, and
top and bottom showerhead plate temperatures are shown
in Fig. 6 for a nominal set of operating conditions:
pressure ¼ 200Torr; susceptor temperature ¼ 1308K; to-
tal flow ðNH3 þH2Þ ¼ 20 slm. It is apparent in Fig. 6 that
the temperature of both the top and bottom showerhead
plates are hot relative to the gas temperature in the central
region of the showerhead. This is a result of the cool gas
feed and radiative heating of the showerhead. As the gas
flows outward, the gas temperature increases and reaches a
level somewhere between the two plate temperatures. The
result for gas velocity and internal showerhead pressure are
also shown in Fig. 6. A decrease in gas velocity is observed
due to the cylindrical geometry of the inter-plate shower-
head space. The circles denote hole ring locations that give
rise to jumps in velocity and pressure observed in the
figure. Note that the jump in velocity is a function of the
change in gas temperature and flow out the hole ring, and
3
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pressure (lower right) for nominal set of operating conditions: pressure ¼ 200
so maybe positive or negative. The following section
combines these results with a detailed kinetic model to
provide spatial chemical species distributions within the
showerhead.

2.2. Kinetic model

A detailed one-dimensional showerhead reaction model
is developed in this section. Rate parameters for all gas
phase reactions included in the model are given in Table 1.
The rate of G4 is assumed to be collision limited and is
derived from the kinetic theory of gases [16]. The
bimolecular collision rate expression is given by

k ¼ ps2AB

8kBT

pm

� �0:5

, (20)

where m is the reduced mass, T the absolute temperature in
the gas phase, kB the Boltzmann’s constant and sAB is the
mean collision diameter of molecule A and B given by

sAB ¼
1
2
ðsA þ sBÞ. (21)

In this case, sA and sB represent the individual collision
diameters of TMG and NH3 having values of 5:47 Å [17]
and 2:92 Å [18], respectively. The activation energy for the
forward reaction is 0 kcal/mole indicating adduct forma-
tion is spontaneous. Similarly, the rate of trimer formation
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Table 1

Representative gas-phase reaction scheme for MOVPE of GaN from trimethylgallium and ammonia

Rxn. no Reactions k0 Ea n Ref.

G1 ðCH3Þ3Ga! ðCH3Þ2Gaþ CH3 3:5� 1015 59.5 0.0 [19]

G2 ðCH3Þ2Ga! ðCH3ÞGaþCH3 8:7� 107 35.4 0.0 [19]

G3 ðCH3ÞGa! Gaþ CH3 1:0� 1016 77.5 0.0 [19]

G4 ðCH3Þ3GaþNH3 ! ðCH3Þ3Ga : NH3 coll. (20) 0.0 0.0 [1]

G5 ðCH3Þ3Ga : NH3 ! ðCH3Þ3GaþNH3 9:5� 109 18.5 0.0 [6]

G6 ðCH3Þ3Ga : NH3 ! ðCH3Þ2Ga : NH2 þCH4 1:0� 1014 49.0 0.0 [1]

G7 3½ðCH3Þ2Ga : NH2� ! ½ðCH3Þ2Ga : NH2�3 coll. (22) 0.0 0.0 [1]

G8 ½ðCH3Þ2Ga : NH2�3 ! 3GaNþ 6CH4 4:0� 1015 60.0 0.0 [6]

Activation energies are in (kcal/mole) and pre-exponentials are in ðcm3=moleÞa�1 s�1, where a is the order of reaction. Rate constants are given by

k ¼ k0Tn expð�Ea=RTÞ.

Table 2

Representative surface-phase reaction scheme for gallium nitride growth

Rxn. no Reactions k0 Ea

S1 ðCH3Þ3Gaþ S! GaðsÞ þ 3CH3 S1 ¼ 1 0.0

S2 ðCH3Þ2Gaþ S! GaðsÞ þ 2CH3 S2 ¼ 1 0.0

S3 ðCH3ÞGaþ S! GaðsÞ þCH3 S3 ¼ 1 0.0

S4 Gaþ S! GaðsÞ S4 ¼ 1 0.0

S5 ðCH3Þ3Ga : NH3 þ 2S! GaNðsÞ þ 3CH4 S5 ¼ 0 0.0

S6 ðCH3Þ2Ga : NH2 þ 2S! GaNðsÞ þ 2CH4 S6 ¼ 1 0.0

S7 ½ðCH3Þ2Ga : NH2�3 þ 6S! 3GaNðsÞ þ 6CH4 S7 ¼ 0 0.0

S8 GaNþ S! GaNðsÞ S8 ¼ 1 0.0

S represents a free surface site.
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represented by reaction G7 also is expressed as being
collision limited and is governed by the probability of a
three-body collision between three dimethylgallium amide
molecules. The intermolecular collision rate is given by

k ¼ ps5A
8kBT

pmA

� �0:5

, (22)

where the collision diameter, sA, of (CH3)2Ga:NH2 is
calculated to be 5:39 Å based on group contribution
methods [18] and mA is the mass of (CH3)2Ga:NH2.

Up to this point, we have only discussed gas phase
reactions that can occur between TMG and ammonia. Gas
surface reactions which describe the interaction of gas
phase species with a reactive surface also are included in
this model and are shown in Table 2. The rate of all
adsorption reactions is assumed to be controlled by two
factors: the rate of collision of gas-phase species with the
surface and the fraction of incident molecules which
become adsorbed. Therefore, the adsorption rate of the
ith species, RS

i , can be expressed as the product of the flux
of species i, Fi, and its sticking probability, Si.

RS
i ¼ Fi � Si. (23)

The sticking probability lies in the range 0pSip1, where
the two extremes correspond to no molecules being
adsorbed or complete adsorption of all incident molecules,
respectively. The flux, F i, is derived from the kinetic theory
of gases and governed by the Hertz–Knudsen equation
[16]:

Fi ¼
P

ð2pmiRgasTÞ
0:5
� xi (24)

Here F i represents the flux of species i (mole/area/time), P

the total pressure, mi is the molecular weight of species i,
Rgas is the ideal gas constant, T is the temperature, and xi

corresponds to the mole fraction of species i in the gas
phase above the surface. In our model, we assume that the
activation energies are all set to 0 kcal/mole. The sum of the
fluxes of TMG, DMG, MMG, Ga, DMG:NH2, and GaN
are assumed to govern the growth rate, and accordingly,
sticking probabilities for those species are set equal to unity
while sticking probabilities for the remaining species are set
to zero.
A material balance is written for each chemical species

1

R

d

dR
ðcxiuRÞ ¼ RG

i þ
2RS

i

DZ=2
. (25)

Here c is the total concentration of the gas (c ¼ P=Rgas=T

for an ideal gas, P is the total reactor pressure, and Rgas

corresponds to the ideal gas constant), xi is the mole
fraction of the ith species, DZ the distance between the top
and bottom showerhead plates, RG

i the rate of generation
of species i per unit volume due to gas phase reactions and
RS

i the rate of generation of species i per unit area due to
surface phase reactions. The quantity 2RS

i results from the
assumption that deposition occurs on both the bottom and
top showerhead plates.
Eq. (25) is denoted for each annular segment in the

showerhead (region between hole rings). The temperature
profile within each annular segment is assumed to be a
linear fit between the trailing and leading segment gas
temperatures, derived from the stair-like function shown in
Fig. 6. The velocity profile within each annular segment
then is computed through the equation of continuity

d

dR
ðurRÞ ¼ 0. (26)
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It should be noted that the equation of continuity used for
the transport-reaction model developed in this section is
slightly different than the one used in Eq. (4) in order to
maintain accurate chemical species material balances. In
addition, inlet mole fractions for all chemical species are set
equal to the corresponding outlet mole fractions from the
previous segment.

Species mole fraction distributions of each chemical
species are shown in Fig. 7 based on the nominal set of
operating conditions: pressure ¼ 200Torr; susceptor
temperature ¼ 1308K; total flow ðNH3 þH2Þ ¼ 20 slm.
The results indicate that the adduct molecule, TMG:NH3,
is the major gallium-containing species present until a
radial position of 2 cm. Thereafter, as the gas temperature
increases, other reactions become significant producing an
array of gallium-containing species.

The deposition rate profile is a function of the gas phase
mole fraction of TMG, DMG, MMG, Ga, DMG:NH2,
and GaN and is represented by

DðRÞ ¼
XN

i¼1

RS
i � xi. (27)

The deposition pattern predicted from the model corre-
sponding to nominal reactor operating conditions is
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compared to experimental observations in Fig. 8. The
model accurately captures the deposition pattern left in the
showerhead after one run and now will be used to explore
the interaction between the transport of reactants, adduct
formation chemistry, and deposition kinetics. All simula-
tions were done using the quadrature-based weighted
residual method techniques of Adomaitis [20].
3. Experimental and model validation

3.1. Experimental procedure

The experimental procedure was conducted in such a
way to allow for both qualitative and quantitative model
validation. Before starting each growth run, the shower-
head was placed onto a scale to record its pre-growth

weight. Typical growth times for GaN were 45–60min.
Upon completion of the growth run, the showerhead was
removed from the reactor and again placed on the scale to
record its post-growth weight to determine the change in
showerhead weight attributable to deposition incurred
during the growth run. Additionally, a picture of the
showerhead deposition pattern was taken. Finally, the
showerhead was placed in HF cleaning solution to remove
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Tsus ¼ 1523K (bottom). The colors for each plot are normalized with respect to the maximum deposition rate calculated for that particular showerhead.
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as much of the deposits as possible. It should be noted that
the normal lifetime of a showerhead is typically six or seven
growth runs.

3.2. Qualitative comparison

To test the validity of the reaction-transport model it
seemed most reasonable to study the effect susceptor
temperature has on showerhead deposition; any change in
susceptor temperature will directly influence gas tempera-
ture inside the showerhead, effectively changing the
intrinsic showerhead kinetics and the corresponding
deposition pattern. Experiments were performed for three
different susceptor temperatures while keeping all other
growth parameters constant (reactor pressure, precursor
flow rates, showerhead hole pattern, showerhead to
susceptor gap, etc.). The temperature range was expanded
as much as possible (within reasonable reactor limitations)
in order to elucidate its effect on the observed showerhead
deposition patterns. Experiments were performed for
susceptor temperatures of 1123, 1308, and 1523K.
Qualitative comparison between model predictions and
observed showerhead deposition patterns are shown in
Fig. 8 for the three cases. The colors for each plot are
normalized with respect to the maximum deposition rate
calculated for that particular showerhead.
The experiments reveal significant differences in shower-

head deposition patterns as susceptor temperature is



ARTICLE IN PRESS
R.P. Parikh et al. / Journal of Crystal Growth 296 (2006) 15–2624
changed. The area of the central region of the showerhead
where little or no deposition occurs is significantly different
in the three cases. The central region of the showerhead
corresponding to Tsus ¼ 1123K is much larger in compar-
ison to Tsus ¼ 1308K. Moreover, most of the deposition
for the low temperature case occurs towards the outer edge.
It should be noted that the black residue are deposits on
the outside of the showerhead and should be ignored in the
comparison. The exact opposite is observed in the case
where the Tsus ¼ 1523K. In this case more deposition is
seen towards the showerhead center and less towards the
outer edges.

In addition to the visual comparison illustrated in Fig. 8,
MATLABs image processing toolbox [21] was utilized to
correlate the color pattern of the showerhead deposits in
the experimental photographs to film thickness. In this
approach, the showerhead images were (1) imported into
MATLAB; (2) converted into a grey scale format; (3)
placed onto a quadrature grid to enable accurate inter-
polation [20]; and (4) rotated for the purpose of averaging.
Cross-sectional slices of the rotationally averaged shower-
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head deposits for the three susceptor temperatures are
shown in Fig. 9.
The results reveal several key points about this system.

For the nominal ðTsus ¼ 1308KÞ and low temperature
ðTsus ¼ 1123KÞ cases, the qualitative study results indicate
that the showerhead reaction-transport model is valid. The
inward movement of the deposition zone with increasing
temperature is clearly seen in these results and for normal
operating conditions the model does a good job of
predicting experimental deposition patterns in the shower-
head.
However, for the high temperature ðTsus ¼ 1523KÞ run,

the results indicate that unmodeled phenomena may be at
work in this system. It is reasonable to believe that at high
growth temperatures, greater heating of the feed tube may
take place resulting in significant gas phase reactions
occurring upstream of the showerhead. To capture these
phenomena, more detailed modeling of the gas delivery
system upstream of the showerhead is required together
with experiments to validate the heat transfer character-
istics of the system upstream of the showerhead. Likewise,
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it is possible that additional experimental runs between the
nominal temperature and high temperature regime may
shed more light on the differences seen here. However,
equipment availability and other resource limitations
prevent such a study at this time.

3.3. Quantitative comparison

In addition to model validation based solely on
qualitative means, quantitative measurements also were
performed, providing further evidence on the consistency
of the reaction-transport model developed in this paper.
Our approach is to calculate from the model how much of
the entering TMG is lost due to showerhead deposition and
compare that to showerhead weight experiments. Using the
model predictions, the calculation involves integration of
the deposition rate profile and dividing the result by the
total amount of TMG fed to the showerhead:

�M ¼
1

f

Z Rsh

Rft

DðRÞrdr. (28)

Here f represents the total inlet feed of TMG into the
showerhead (mole/s). Based on experiments, the amount of
showerhead deposition is computed by

�E ¼
ðWpost �WpreÞ

w
. (29)

Here w denotes the total inlet feed of TMG into the
showerhead (g) and Wpost and Wpre refer to post-growth
and pre-growth weights of the showerhead (g). Fig. 10
compares results between model predictions and experi-
ments. Once again, model predictions are in good
agreement to the experimental data for susceptor tempera-
tures between 1123 and 1523K. It should be noted that no
adjustable parameters have been included in the kinetic
model, and minimal parameter fitting was done with
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Fig. 10. Quantitative comparison between model predictions and shower-

head deposition experiments: total Ga-containing species deposition.
respect to the thermal model. The only heat transfer model
parameter that was fitted to the data was the liner gold coat
fraction ðgÞ. A value of g ¼ 0:77 was found to be the best fit
to the data, a reasonable value based on the physical design
of the reactor system.

3.4. Discussion

Both the showerhead design and the reactor operating
conditions have a significant influence on the selectivity of
reaction pathways and on the observed showerhead
deposition patterns. We begin a discussion of the shower-
head deposit patterns by analyzing the deposition process
from a modeling perspective. Fig. 11 shows the spatial
distribution of the adduct molecule, TMG:NH3, for all
three susceptor temperatures. Taking a closer look at the
TMG:NH3 profile for Tsus ¼ 1308K, as the precursors
enter the showerhead, the temperature of the gas is cool,
and the only gas-phase reaction that occurs is the
spontaneous formation of the adduct species. As the
adduct molecules flow radially through the showerhead
they can do either of two things: exit the showerhead
through the hole rings or remain in the showerhead and
begin to participate in further gas phase reactions down-
stream. It is important to note that the adduct molecule has
a sticking probability equal to zero in our model and so the
adduct species does not contribute to the deposition
pattern. For Tsus ¼ 1308K, the adduct is the major
gallium-containing species until the third hole ring junction
(approximately R ¼ 2 cm) and, therefore, little or no
deposition will occur until this location.
After the third hole ring junction, the temperature of the

gas in the showerhead is sufficiently high to promote
further gas phase reactions, in particular, adduct dissocia-
tion to produce TMG and NH3 (the lower route in Fig. 1)
or methane elimination to form DMG:NH2 (upper route).
0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

0

0.2

0.4

0.6

0.8

1

1.2

x 10-4

Showerhead Radius (m)

X
T

M
G

:N
H

3

Tsus = 1523 K 

Tsus = 1308 K 

Tsus = 1123 K 

Fig. 11. Spatial distribution of adduct molecule for three susceptor

temperatures. Showerhead hole rings are marked by the red circles



ARTICLE IN PRESS
R.P. Parikh et al. / Journal of Crystal Growth 296 (2006) 15–2626
This is reflected by the decrease in adduct concentration
starting at the third hole ring location shown in Fig. 11.
Both reaction pathways are believed to occur based on our
modeling work. The upper pathway leads to DMG:NH2

which can either deposit inside the showerhead, exit the
showerhead, or undergo a three-body collision to form the
trimer molecule. The lower pathway of Fig. 1 produces an
array of sub-alkyls, each having the potential to deposit
inside the showerhead.

We believe that the direct sticking of these molecules
(TMG, DMG, MMG, Ga, GaN, and DMG:NH2) is what
is responsible for the deposition observed in the shower-
head. Contrary to typical epitaxial growth involving
adsorption, desorption, surface migration, and surface
reactions, we hypothesize that the deposition in the
showerhead is a result of these molecules merely sticking
to the surface. Thus, the combination of carbon, nitrogen,
hydrogen, and gallium atoms present in many of the
depositing species may be the basis for the dark brownish
deposits seen in the showerhead.

Returning to Fig. 11, let us explain what happens to the
TMG:NH3 profiles for when the Tsus is reduced to 1123K
or increased to 1523K. When the susceptor temperature is
decreased to 1123K, the gas temperature profile within the
showerhead decreases. Accordingly, gas phase reactions
stemming off from the initial adduct formation do not
become significant until further downstream. Therefore, in
this case, showerhead deposition will not occur until about
the fifth hole ring junction. Furthermore, a smaller fraction
of the total inlet TMG will deposit as more of the adduct
has an opportunity to exit the showerhead.

On the other hand, raising the susceptor temperature will
have the opposite effect on showerhead deposition. An
increase in susceptor temperature causes the gas tempera-
ture profile within the showerhead to increase. Adduct
dissociation and methane elimination begin to occur much
earlier causing deposition to occur closer to the shower-
head center.

4. Concluding remarks

In this paper, a detailed deposition chemistry model was
developed and applied to a GaN MOVPE reactor shower-
head system. A physically based model describing heat
transfer and gas transport through the showerhead was
previously developed and used in conjunction with this
deposition model to study the interplay between the
transport of reactants, adduct formation chemistry, and
deposition kinetics within a MOVPE reactor showerhead
system. The model predictions are in good agreement with
experimental data with minimal parameter fitting with
respect to the thermal model. No adjustable parameters
were used in the kinetic model. Spatial distributions of
deposition patterns predicted from the model are repro-
duced by experiments. Furthermore, quantitative valida-
tion of the model to showerhead weight experiments also
demonstrates good agreement. This study has provided
further insight into the physical and chemical mechanisms
underlying gallium nitride epitaxial film growth.
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