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Thermodynamic model for metalorganic vapor-phase epitaxy of N-polar group-III nitrides
in step-flow growth mode: Hydrogen, competitive adsorption, and configuration entropy
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A thermodynamic model for metalorganic vapor-phase epitaxy (MOVPE) of the N-polar (0001) binary group-
III nitrides (AIN, GaN, and InN) in the step-flow growth mode is proposed based on the Burton, Cabrera, and
Frank (BCF) theory. The coverages of the group-III adatoms are thermodynamically evaluated under competitive
adsorption with hydrogen, which is used as a carrier gas or dissociated from the NH;3 source gas during MOVPE.
The chemical potentials of the group-1II and H adatoms on N-polar group-III nitride surfaces are modeled using
the respective bond energies with the surface N atoms of the nitride and the vibrational frequencies of the
adatoms. The coverages of the coadsorbed group-III and H adatoms are calculated using the Langmuir adsorption
isotherm with these chemical potentials. The configuration entropy of the group-III adatoms bridges the gap
between the thermodynamic model and the BCF theory. The coverage of the group-III adatoms plays a role
like partial pressure of the group-III gas in the thermodynamics. The equilibrium coverage of the group-III
adatoms and the equilibrium pressure of the NH; gas are evaluated from the conditions of Gibbs energy balance
between the sources (group-III adatom and NH; gas molecule) and products (group-III nitride and 3/2 H, gas
molecules) and of speed balance between group-III and N incorporation into step kinks. Fair agreements with the
experimentally optimized growth conditions for MOVPE of N-polar GaN and InN are obtained by this method.
Among the examined binary group-III nitrides, AIN growth is hardly affected by H, gas pressure, GaN growth
is controlled well by H, gas pressure, and InN growth is strongly inhibited by H, gas. A criterion for selecting
the NHj/group-III flow ratio for maximum products/cost and minimum waste of the materials is demonstrated
using the growth model and the estimated growth parameters. The offcut angle dependence of the growth rate

on the vicinal substrates is also investigated.
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I. INTRODUCTION

Growth techniques for epitaxial group-III nitrides using
metalorganic vapor-phase epitaxy (MOVPE) have been devel-
oped with various applications in mind [1-6]. Conventional
GaN-based devices are usually fabricated on the group-III-
polar (0001) plane. However, novel devices on the N-polar
(0001) plane with opposite polarization field along the growth
direction have recently attracted much attention because of
the wider range of device structures and fabrication processes
that then become available [7-9]. Control and identification
methods for the polarity of GaN have been demonstrated on
several kinds of substrates [10—13]. It has also been reported
that the use of the N-polar (0001) surface is effective in
increasing the In incorporation ratio of InGaN [14,15]. Red-
to-blue GaN-based LEDs have been demonstrated on the N-
polar surface [16].

During MOVPE, H, is provided by NHj dissociation,
even if it is not used as a carrier gas. It has been revealed
using ion scattering that the N-polar c-plane GaN surface is
covered with H adatoms, which are thermally segregated from
H impurities in bulk GaN [17]. It has also been confirmed
theoretically that the N-polar GaN and InN surfaces under
an H, atmosphere are most stable when they are covered
with 3/4 or 1 monolayer H adatoms [18-20]. These results
indicate that the equilibrium surfaces of the N-polar group-III
nitrides consist of H adatoms and bare surface N atoms. It
would be interesting to determine how the N-polar group-III
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nitrides grow on such surfaces. Thermodynamic analysis
methods for the growth of compound semiconductors, includ-
ing the group-III nitrides, were developed by Koukitu et al.
[21]. They used the equilibrium constant expression between
reactants (group-III and NHj gases) and products (group-
IIT nitrides and H, gas). Recently, they have incorporated
ab initio surface-energy calculations into the thermodynamic
analysis and investigated the effect of growth orientation and
surface reconstruction [19,20]. However, the kinetics of the
minority group-III adatoms has not been explicitly treated in
these methods. On the other hand, the Burton, Cabrera, and
Frank (BCF) theory treats adatom diffusion on the growing
surfaces and the kinetics at the steps and kinks [22-25].

In the present study, a calculation method for the MOVPE
growth rate of N-polar AIN, GaN, and InN in the step-flow
growth mode is proposed that is based on the BCF theory
in combination with thermodynamic and statistical physics
considerations. In this model, steady-state growth with con-
tinuous flow of the source gases and adatoms is considered
using a modified version of the BCF theory, together with
thermodynamic evaluation methods for the adatom densities
and their equilibrium conditions. An extremely low density of
the group-III adatoms on the N-polar growing surface under
competitive adsorption of the group-III and hydrogen atoms
is evaluated using the Langmuir adsorption isotherm model
as a function of the partial pressures of the source gases
at a given temperature [26,27]. In addition, the minimally
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required (equilibrium) coverage of the group-III adatom and
the equilibrium pressure of NH; gas for the growth of the
N-polar group-III nitride are estimated from the Gibbs free
energy balance between the sources (group-III adatom and
NH3; gas) and the products (group-III nitride and 3/2 H; gas).
The low density of group-III adatoms is consistent with the
very low nucleation rates of two-dimensional islands observed
on N-polar GaN surfaces at a low degree of supersaturation
[28]. In addition, competitive adsorption with H atoms sup-
presses condensation of the group-IIl adatoms. As a result,
the H adatoms assist a moderate step-flow growth if a suf-
ficient density of steps is provided on the growing surface.
Many experiments have already revealed that the N-polar
growth of a group-III nitride on a vicinal substrate, which
has high-density steps, is preferred to prevent the formation
of hexagonal pyramids and hillocks [8,9,29,30].

A recent theoretical study has confirmed that trimethyl-
gallium (TMG) and trimethylindium, precursor gases used in
MOVPE, are easily decomposed to monoatomic Ga and In
gases, respectively, whereas trimethylaluminum reacts with
NH; in the gas phase to form (CH3),AINH, [31]. In the
present study, however, monoatomic Al gas as well as Ga
and In gases is assumed as the source gas for the competitive
adsorption with hydrogen. Therefore, the results for AIN will
be presented just for comparison with the results for GaN and
InN.

II. STEP-FLOW GROWTH MODEL AND ITS PROBLEMS

In the step-flow growth mode, adsorption, desorption, and
migration of the adatoms on the terraces as well as the adatom
incorporation into the steps and the kinks shown in Fig. 1 are
the substantial processes. The growth rate in this mode can be
quantitatively evaluated using the BCF theory [22-24]. In the
present study, growth on a vicinal surface of an N-polar group-
I nitride is exclusively treated. Therefore, steps are assumed
to preexist. According to the vapor-growth model based on
the BCF theory, the surface density c¢; of the adsorbed species
J obeys the following diffusion equation incorporating the
adsorption and desorption rates:

% _ pvie, + FQ i (1)
. = i Cj jnaChare — —»
ot J / J T

terrace

terrace

FIG. 1. Illustration of adatom migration on terraces and adatom
incorporation into a step and a kink. Even if an adatom is incor-
porated into a kink, the total area of terraces, length of steps, and
number of kinks are conserved. Therefore, advance of the kink
corresponds to extension of the bulk.

where ¢ is time, Dj- is the surface diffusion coefficient, Fj is the
adsorption rate per unit area, 2 = ab is the area of an adsorp-
tion site as shown in Fig. 1, cpqre is density of bare adsorption
sites, and 7; is the lifetime of the adatom. The adsorption
sites form a lattice on a terrace. In the case of the wurtzite
¢ plane, whose lattice constant is a, b is +/3a/2 when the step
is parallel to the a axis. In the standard BCF model, the total
adatom density is assumed to be very small and Qcpye 1S unity.
However, cpyre is explicitly introduced in the present study and
Eq. (1) has been slightly modified from the standard model,
because the adsorption density of the H adatoms cy is not
negligible on N-polar group-III nitrides during MOVPE. Also,
consistency with the Langmuir adsorption isotherm [26,27],
which quantifies the surface density of a specific species of
adatoms as a function of the partial pressures at a given
temperature, is provided by the introduction of cpye and cy
as shown later. The incident flux Fj0 of gas molecule j at its
partial pressure p; is

FY = p, /\/m T @)

where m; is the mass of molecule j, kg is Boltzmann’s
constant, and 7T is temperature. The adsorption rate can then
be represented as

F; = n,F}, 3)

where 7, is the sticking coefficient of the incident molecule,
which is less than unity. The coverage of the adatoms, i.e., the
number of adatoms per surface area 2, is

0;(y) = Qc;(y), 4)

where y is the coordinate normal to the steps, as shown in
Fig. 1. The adatom density is assumed to be uniform parallel
to the steps on an ensemble average. The steady-state and
uniform coverage of adatom j on an infinitely wide terrace

is obtained as
% = QF,-r,/(Z QFT; + 1) 5)

by substituting dc; /0t =0, V2¢; =0, and Qchare = Opare =
1 — >".6; into Eq. (1) and solving the simultaneous equations.
Here j and i represent all kinds of adsorbed species, excluding
the bare sites, on the terrace. This form is consistent with the
Langmuir adsorption isotherm for the competitive adsorption
as a function of the partial pressures [27], and the coverages
never exceed unity, even at an extremely high p;, in so far as
this model is valid.

In MOVPE of N-polar group-III nitrides, the adsorbed
species on the terraces are H and M (one of the group-III
species). It must be noted that an H, molecule is dissociatively
adsorbed as two H adatoms, and Fy in Eq. (5) is proportional
to /PH, [27,32]. The steady-state (dcp /0t = 0) group-III
adatom coverage between the equally-spaced parallel straight
steps on an ideal vicinal surface is obtained from Eq. (1) in
the range 0 <y < [ as

cosh [(Zy — ls)/(z)\’}vw)]

O () = 05 — (657 — 6) cosh [1;/(213,)]

)
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FIG. 2. Steady-state coverage of adatom M (red thick line) on
the terraces between equally spaced parallel straight steps. 057 is the
coverage on an infinitely wide terrace, 6,/ is the coverage at the
steps, [, is the interstep distance, and Aj, (= [;/5) is the modified
surface diffusion length of the adatom. The blue dashed lines are the
coverage for a single step.

where 60,/ is the coverage of the adatoms M at the steps (i.e.,
the inlets of the adatoms into the crystal), I is the interstep
distance, Ay, = x3,//QFyty + 1 = x3,/\/0i7 O, + 1, and
xy = /Dj,tu is the surface diffusion length of the adatom
[22,23]. The formula of Eq. (6) is the same as that of the stan-
dard BCF model, where 057 = QFyty and A}, = x;, because
QFyy 1y is assumed to be much smaller than unity. An example
of Oy/(y) is shown by the red thick line in Fig. 2 for A3, = I,/5.
The blue dashed lines are the coverage for a single step. The
advance velocity vy of the steps is calculated from Eq. (6) as
QD3 (dem 0yl y= o —9¢m /0Yly—_o), which is the product of 2
(if an adatom is incorporated at every step segment of length a,
the step advances b) and the adatom diffusion-current density
(per step length) into the step at y = 0 from the terraces on
both sides [22,23]:

v = Ku (657 — 63). @)
where
2D3 I
Ky = =M tanh ——. 8)
A 23,

The asymmetry of the adatom incorporation from the lower
and the upper terraces to the step is ignored in the present
study for simplicity. The relation

1 /2
Uy = —

(05 — O ()]dy ©)
™ J-1,)2

is also easily confirmed from Eq. (6) and the periodicity of
Oy (y). This shows that the step velocity is identical to the
area surrounded by the green closed line in Fig. 2 over the
lifetime of the adatoms. The step is the inlet of the adatoms
to the crystal. The coverage of the adatoms decreases from
0y to Oy (y) as aresult of the existence of the steps. It can be
seen from Eq. (9) that, in an ensemble average, the decreasing
adatoms are incorporated to the crystal at the step during their
lifetime.

Although the slight modification of the parameters 6,
and Aj, from the standard BCF model is easy as shown

above, the quantitative evaluation method of the sticking co-
efficient, which is necessary to obtain 67°, under competitive
adsorptions is not so obvious. Furthermore, in the case of
group-IlI-nitride MOVPE growth, both nitrogen incorporation
and the release of hydrogen from NHj3; must be reflected in
0,7 To solve these problems, thermodynamic and statistical
physics approaches are used to calculate both 67° and 0
for N-polar group-III nitride growth. The evaluation of the
adatom coverage 67° under competitive adsorption with H
is possible using the Langmuir adsorption isotherm based
on Gibbs energy minimization for the adsorbed system [27],
as shown in Appendix B and Sec. III B, instead of evaluat-
ing the sticking coefficient and the lifetime in Eq. (5). The
equilibrium coverage 6, is evaluated in Sec. III C using the
condition of Gibbs energy balance during crystallization from
the group-III adatoms and the NH3 gas molecules, as well as
the speed balance between the incorporations of group-III and
N atoms into the step kinks [33].

III. RESULTS AND DISCUSSION

A. Chemical potentials of related pure substances
and adsorbed species

To study the thermodynamic relationships among the
source gases, the released gases, the adatoms, and the group-
IIT nitrides, their chemical potentials must be known. Except
for the adatoms, their Gibbs free energy data were obtained
from databases [34,35]. Figure 3 shows the chemical po-
tentials as functions of temperature. In Fig. 3, the pressure
of the gases is standard pressure (p° = 1 bar) unless shown
explicitly, and “bulk” denotes the solid and liquid phases of
the group-III metals below and above their melting points,
respectively. To estimate the bond energies and chemical
potentials of the adsorbed species, the chemical potentials
of the related gases, AIN, GaN, and InN are extrapolated as
functions of 7 down to 0 K in the Supplemental Material I
[36]. The chemical potential of gas j at partial pressure p; is
represented as

gas

13 (T, pj) = u¥(T) + ks T In(p;/p°),  (10)

where 1%

[35,37-39].

The atomic structure of the N-polar GaN surface is illus-
trated in Fig. 4. Two types of step and kink and two types of
Ga adsorption sites (T1 and B2) are shown. The T1 adatom
terminates one surface N atom. The B2 adatom makes a
bridge between two N atoms at the step of the N-polar surface
[40]. Adsorption of N, NH, NH;,, and H at the site denoted
by Gn, which is surrounded by n surface Ga atoms, will
also be considered in Appendix C to determine the step and
terrace structures. For example, NH adsorption at G3 and NH,
adsorption at G2 are shown in Fig. 4. The adsorption sites can
be represented as Sn, where S is T, B, or G and r is the number
of the bonds at the site. The chemical potential of an adatom j
(= M, H, or N, where M represents Al, Ga, or In) at the Sn site
is modeled using the Helmholtz free energy of the harmonic

(T) is the chemical potential at standard pressure
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FIG. 3. Chemical potentials of related substances and adsorbed
species as functions of temperature. The pressure of the gases is
standard pressure (1 bar) and the coverage 6 of the adsorbed species
is unity unless these values are shown explicitly (thick lines). For in-
stance, NH3—3/2H, in (f) denotes iy, — 3p4; /2. “bulk” denotes
the solid and liquid phases of the group-III metals below and above
their melting points. The adjustment factor ijn in Eq. (11) for the
bond energy of the adsorbed species j at the site Sn is assumed to be
unity (dashed lines) or 0.9 (solid and chained lines). The vibrational
temperatures cited from Ref. [41] are used for the chained line in (h).
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FIG. 4. Schematic atomic structure of the N-polar GaN (0001)
surface under a hydrogen atmosphere with the double-step (type-A
and type-B) structure perpendicular to (1010). T1-Ga (red), B2-Ga
(blue), and T1-H (small cyan) adatoms are shown. NH and NH,
adsorbed on three Ga (G3) and two Ga (G2) atoms, respectively, are
also shown.

ogas

where u¥°(0) is the enthalpy of gaseous j at 0 K, y"E}\
is the single-bond energy between atom j and surface atom
s (s =N or M), and @S{l is the vibrational temperature of
mode i [39,41]. The number of vibrational modes n; is three
for a monatomic adatom. The results of the extrapolations in
the Supplemental Material I [36] are used only to estimate
1;¥°(0) and the reference value of the bond energy EP* in
the bulk group-III nitrides and NH3 gas. The adjustment factor
ij” is introduced because the actual bond energy between
the adatom and the surface atom is different from EP*.
The ®§i”s of the adatom are estimated in the Supplemental
Material II [36]. The superscript open circle on the left-hand
side of Eq. (11) indicates the exclusion of the configuration
entropy due to the freedom of adatom location. As shown
in Appendix A, the configuration entropy of each adsorbed
species depends on the coverage 6?]5”, which is the occupancy
ratio of the adatom j at the Sn sites. Hereinafter, a dangling
bond without any adsorbate (j = bare) is treated as a kind
of adsorbate. The consequent coverage-dependent chemical
potentials of M and H adatoms and the dangling bonds at the
T1 sites are

W67 =

where jup, (T) is zero and )~ 67" is unity. The coverage,
including that of the dangling bonds, plays a role like the
partial pressure of gas in Eq. (10). The relationships be-
tween the adatoms and the dangling bonds are like those
between electrons and holes. All of the adatoms and the
dangling bonds diffuse from their respective high-coverage
regions to low-coverage regions to decrease their free en-
ergies. In other words, diffusion (random walk) is an ir-
reversible process and proceeds to increase entropy. In the
BCF theory, a steady current of group-III adatoms to the
steps is created owing to the decreasing coverage toward
the steps shown in Fig. 2. Furthermore, the configuration
entropy of the T1 adatoms is consistent with a rate equa-
tion like Eq. (1), because the transition rate from a position
with coverage 9}1 is proportional to QjT' exp[—E4/(kgT)] =
exp[—(Es — kT In HJ.T')/(kBT)], where E, is the activation
energy of an adatom. From the right-hand side of the equation,

wiN(T) + ks T In6j", (12)
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it is regarded that the coverage-dependent activation energy
increases with decreasing coverage because of the decrease in
the free energy of the initial state. The adsorption in Eq. (1)
can be regarded as a desorption of the bare state.

The coverage-dependent chemical potentials at the B2 and
Gn sites are given in Appendix A. The chemical potentials
of the adsorbed species calculated using the parameters in the
Supplemental Material I and II [36] are shown in Fig. 3 by
dashed lines assuming y' = 1 and by solid lines assuming

;' =0.9. It will be shown in Secs. IIID and IIIE that the

use of the reduced ijl for the T1 adatoms provides better
agreement with experimental results.

B. Coverages of adsorbed species

The coverages of the adatoms at the T1 and B2 sites for
the binary competitive adsorption of H, and M are calculated
using Eqgs. (B2a)—(B2c) in Appendix B. The coverages as
functions of T and py, assuming yf” = 1 (dashed line) and
0.9 (solid line) are shown in Figs. 5 and 6. In most cases,
the coverage of H (Al, Ga, In, and dangling bonds) decreases
(increases) on reduction of Y IS", because the difference in bond
energy between H and the group-III adatoms decreases. Under
typical MOVPE growth conditions, T1 sites are almost all
occupied with H adatoms. As a result, the coverage of the
group-III adatoms at the T1 sites becomes very low, as shown
in Fig. 5, and their chemical potential decreases to be lower
than or similar to that of the bulk group-III metal, as shown in
Figs. 3(a)-3(c). The coverage 6., of the group-III adatoms
in equilibrium with the bulk metal, where their chemical
potentials are the same, is shown by green lines in Fig. 5. If
0> is smaller than 6., , then condensation of the group-III
atoms to bulk is prevented by the lower chemical potential of
the adatoms. The coverage of the group-III adatoms decreases
with increasing temperature and increasing py,. If the T', py,
and py, conditions are the same, the coverage of Al is highest
and that of In is lowest among the three group-III atoms. This
is consistent with the strength of the respective bonds with
the surface N atoms. For the B2 sites, the group-III atoms
almost occupy these sites at the usual growth temperature, as
shown in Fig. 6. Therefore, the group-III atoms at the type A
step edge shown in Fig. 4 can be considered to be stable. The
condensation of the B2 adatoms to the bulk group-III metal
is prevented owing to the lower chemical potential shown in
Figs. 3(a)-3(c). The occupancy ratio of H decreases further
to that of an impurity if » increases to 4 in bulk group-III
nitrides.

The coverages of N, NH, NH,, and H at the G1, G2, and G3
sites were also calculated under the competitive dissociative
adsorption of NH; and H,. The details of the calculation
are given in Appendix C. The coverages as functions of T,
PH,» and pnu, are shown in Fig. 7, assuming yf” = 0.9. The
calculated coverage of H at the G1 sites was about 0.003
and those of NH, (x = 0, 1, and 2) are less than 10~ under
typical MOVPE growth conditions for GaN (not shown). This
is consistent with the fact that the chemical potential of the
NH, adsorbates at the G1 site shown in Figs. 3(f)-3(h) is
higher than the difference of those between the source NHj3
and the released H, gases (red lines). This result suggests
that the bare Ga atoms appear at the type B step edges, as
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FIG. 5. Coverages of the Al (a) and (b), Ga (c) and (d), and In
(e) and (f) adatoms at the T1 sites as functions of temperature and
H, pressure for binary competitive adsorption of group-III gas at
10~* bar and H, gas. The fixed parameters are indicated in each
frame. The adjustment factor yjs” is unity (dashed lines) or 0.9
(solid lines).

shown in Fig. 4. The results in Figs. 7(a)-7(c) show that the
G2 sites are almost empty and even the coverage of NH; is
less than 0.1 under the typical MOVPE growth conditions for
GaN. This suggests that mostly bare B2 Ga adatoms appear
at the type A step edges, as shown in Fig. 4. On the other
hand, Figs. 7(d)-7(f) show that the G3 sites on the terraces
are almost filled with NH or N. Therefore, Figs. 5 —7 more or
less support the illustration of the terrace and step structures
shown in Fig. 4 for N-polar GaN under the typical growth
conditions, although the parameters y;" and ©3' in Eq. (11)
need to be more accurately evaluated in the future. In the
following sections, only the coverages of Al, Ga, In, and H
at the T1 sites are used. Therefore, a qualitative evaluation is
sufficient for the coverages at other sites.

Finally, we briefly discuss the applicability of the
minimum-free-energy coverages at the T1 and B2 sites to the
N-polar growth model. It is considered that the adsorptions
at the T1 sites have a greater chance to reach the minimum
free energy than those at the B2 sites owing to the ease of
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FIG. 6. Same as Fig. 5, but for the B2 sites.

desorption, which enables repeated adsorption. The B2 sites
on the N-polar surface appear only at the kinks and steps,
which are the growth front. Therefore, the lifetime of each
B2 site is relatively short, and it is possible that the B2 sites
are embedded in the growing layers before their adsorbates
reach the minimum-free-energy distribution. In this way, the
occupancy ratio of the adsorbates is probably governed by
kinetics with an increasing number of bonds » at an adsorption
site. In the next section, we assume that the incorporation of
the T1 group-III adatoms into the kinks is the main route
for N-polar group-III nitride growth in the step-flow growth
mode. It will be also confirmed in Sec. IIIE that direct
incorporation of the group-III atoms at the kinks from gas is
not enough to reproduce the observed growth rate.

C. Equilibrium growth condition and growth rate

On the c-plane surfaces, there are two types of low index
step edges perpendicular to (1010), type A and type B steps,
as shown in Fig. 8 [29]. On the N-polar (group-IlI-polar)
surface, a group-1II (nitrogen) atom along the type A step
edge has two backbonds and two dangling bonds, while a
group-III (nitrogen) atom along the type B step edge has three
backbonds and only one dangling bond. The type A step may

@ G2 @) G3
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FIG. 7. Coverages of the adsorbed species at the G2 (a)—(c) and
G3 (d)—(f) sites as functions of temperature (a) and (d), H, pressure
(b) and (e), and NHj3 pressure (c) and (f) for competitive adsorption
of NH; and H, gases. The fixed parameters are indicated in each
frame. The adjustment factor yjc'" is 0.9.

grow if a group-III adatom is fixed at any step-edge position
by the adsorption of NH into the G3 site illustrated in purple.
This process also provides two additional kinks. On the other
hand, two group-III adatoms must join together to be stable
along the type B step, as shown by red atoms. Therefore, the
type A step advances faster than the type B step and catches
up with the lower type B step to form a double step of height c,
as illustrated in Fig. 4 [29]. It has been reported that N-polar
GaN actually grows with double steps [28]. If the catch-up
process is rapidly finished in a very early stage of the epitaxial
growth, the double-step growth will be steady during the rest
of the growth. In this case, the type A step also proceeds only
at kinks, because step edges are limited by the lower type B
step and there is no lower terrace for the type A step, as shown
in Fig. 4. Therefore, we assume that the growth-rate defining
process of the N-polar growth in the step-flow growth mode is
the advance of the double kink in Fig. 4.

Incorporation of an MN pair at a kink is equivalent to
extending bulk MN [22,25]. That is to say, if there is no
change in the local step and kink structure except for the
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kink-pair

[ooToT] nucleation ®)
N —> H
N(?

type B v§
step Ga

FIG. 8. Schematic atomic structure of the N-polar GaN surface
with type-A (a) and type-B (b) step-and-kink structures under a
hydrogen atmosphere. The steps are perpendicular to (1010). The
Ga-N pairs incorporated at the kinks are shown in orange. Possible
initial structures to create kinks at the type-A and the type-B steps
are shown in purple and red, respectively.

advance of the kink position (toward the left in Figs. 4 and 8)
after the incorporation of the MN pairs (orange atoms), then
the surface, step, and kink energies are conserved. Therefore,
the increase in the Gibbs energy of the nitride due to the
incorporation of an MN pair at a kink is identical to the bulk
umn(T). This is also true if the annihilation and creation of
kinks illustrated in Fig. 9(a) are balanced and the kink density
is conserved during the growth. The incorporation process at a
kink can be divided into four elementary actions as follows:

(i) A group-1II T1 adatom migrates into a kink from the
terrace.

(i) An NHj3 molecule impinges on the newly formed G3
site.

(iii) The NHj is dissociatively adsorbed as NH and two H
atoms are transferred to the neighboring Ga atoms at the step
edge.

@) creation lower terrace [1010]
21/2 ” Y —F— = =

y ‘T S T e

upper terrace L annihilation
®) N [0001]
y=—n1 y Wt = —
c " [ —
A <I_> 1 /\7‘ C % H : L [1 01 O]
s LY - N ¢ .. L
= c/tand STy L

FIG. 9. (a) Schematic top view of a simplified kink advance,
annihilation, and creation during unit step advance in the m direction.
(b) Cross-sectional view of a simplified double-step (height c) ad-
vance for growth of thickness Nc on the vicinal substrate of off-angle
8. The directions of advance are indicated by the thick blue arrows.

(iv) The two H atoms and the H atom replaced by the
group-III adatom in (i) will be associatively desorbed as
3/2 H;, molecules (3H, molecules for the double kink).

While actions (ii) and (iii) are occurring, the next action (i)
into the advanced kink position can proceed in parallel. Also,
the H, release at action (iv) and the adsorption of the group-III
adatoms on the terraces proceed in parallel during the M and
N incorporation in actions (i)—(iii). Four M—N bonds, which is
identical to the number of bonds per bulk MN pair (each atom
has four bonds and a bond is shared by two atoms in bulk),
are formed by these actions. The decrease in the Gibbs energy
during actions (i)—(iv) is expressed as

AG(0y), pam) = g (T, 64') + i, (Ts ;)

3
— umn(T) — EMgHiS(T, PH,)

o7l ol/2
= AGM + kBT In <—M PN;{;ZP s (13)

H,
where

AGy = iy (T + i (T) — pun(T) = 35" (T). (14)

The dependence of AGy on AIN, GaN, and InN as a
function of T is shown in Fig. 10(a).
The equilibrium (minimally required) values of the M-

adatom coverage 6,,°® and the NHj; pressure PRy, at
the kinks, above which MN grows, satisfy the condition

AG(0y'™, piiy,) = 0. ie.,
3/2
Py, AGy
= exp(——2). 15
pi2 P < ks T (1

In this case, a degree of supersaturation can be defined as
T1 Tl Tl
Oc = (9M ©pNi; — 0y eqpi?Hg)/(@M OOPNHa)

3/2
P (_AGy
B O pm 1/ b kgT

=1—exp[-AG(6;*, pany) /(ksT)],  (16)

eTleq eq
M NH;

which converges to unity at large 6, pny, -

4 AN T A
______________________ AN
3 3 3 3
<20 can 1 Bs?E caN '
(49 T ] Q 1N
t—_—__—_—!'j—'_\lf_‘:ii:— —'nN\N;
of . L
500 1000 1500 500 1000 1500

Temperature (°C) Temperature (°C)

FIG. 10. (a) AGy defined by Eq. (14) and (b) AG}; defined by
Eq. (28) of AIN, GaN, and InN as functions of temperature. The
adjustment factor ijl is unity (dashed lines) or 0.9 (solid lines).
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The velocity of advance of the step due to the incorporation
of the M adatoms in action (i) is given by Eq. (7) as
o = K3 (01 — 6519) a7

where the parallel incorporation of N into the kinks will be
taken into account later. K ,awds is obtained from Eq. (8) as

ads __
Ky =

D; I
—M tanh = (18)

where Kj; is divided by two because M adatoms supplied
from the upper and lower terraces of the double step are
shared by the type A and type B steps. It is assumed that
the mean distance between adjacent kinks in Fig. 9(a), d,
is sufficiently less than both /; and xj,. Then, an adatom is
rapidly incorporated into a nearby kink after its arrival at a
step.

Similarly, the velocity of advance of the step due to the
incorporation of N in actions (ii) and (iii) can be expressed as

til

N = K, (P, — P, )- (19)

where Kﬁﬁ} is the kinetic coefficient for NH3 incorporation

gas
from gas. Ky, can be expressed as

as Q?
gas TINH; (2 O)

KNy, = ;
NH; dk, /27 MINH; kB T

where nnu, is the sticking probability of the incident NHj3
into a bare G3 site formed by action (i). Equation (20) is
obtained as follows: first, the incident NH3 flux from Eq. (2)
is multiplied by the area €2 of the kink and by nnp, to evaluate
the number 7, of N atoms incorporated during the successive
kink advances per unit time; next, the step advances Q2ny /dy
during the kink advance by any, because every step advances
V3a /2 in the m direction if every kink advances dy, as shown
in Fig. 9(a).

The two velocities vy, and vy must be the same [33]. For
example, if vy, is larger than vy, the leftover M adatoms will
return to the terraces and OAleeq will increase. That is to say,
the current of the M adatoms on the terraces into the kinks
will decrease until vy = vy is satisfied. The equilibrium
condition of Eq. (15) and this condition provide Q;,qu and
Py, individually as

. 1
Oy = = (VAT + 0+ A) (21a)
2K
and
1
PRy, = WW A2 4 Q- A), (21b)
NH;3
respectively, where
A = Kj®0y'™ — K{y, pan, (22a)

and
3/2

oas PH AGy
Q = 4K " K, poljZ exp (— )

22b
il (22b)

The step velocity is then obtained as

Ustep = UM = UN

ZMMMN

up + ux + sgn(ae )y (uy + un)? — dupuno, ’

(23)
where the elemental velocities defined as
uy = K50 %a, (24a)
and
uN = KI%?—; PNH;0¢ (24b)

are introduced to distinguish whether the growth condition is
M limited or N limited. Although uy is inversely proportional
to dy, uy is independent of dy as long as dj, < xj,, because the
supply of the M adatoms from the terraces is shared by nearby
kinks. When o, is negative (evaporation), Kii® and K
are different from those in Egs. (18) and (20), respectively.
Furthermore, vy; = vy is not assured. Therefore, o, is limited
to be positive in the present study. The step velocity given
by Eq. (23) is smaller than both uy, and uy, and is limited
by the smaller of the two. Figure 11 shows the step velocity
normalized by uy, as a function of ux/uy, at various o, values.
Here u,; and uy are interchangeable, because the step velocity
of Eq. (23) is a symmetric function of them. If the steps
proceed in the form of a double step, then the thickness of
the c-plane film increases by c after each step advances by [,
as shown by the case of N =1 in Fig. 9(b). Therefore, the
growth rate in the thickness direction is

C
Uthick = ZUslep- (25)
10 -_ T 1 T T T T T T T
08 J A—N X __Mo------i- E
-------- 0
S 05 -
s 06p N, 08 ]
~> 04} 4~ 0.99 o, 4
02Lf i
0.0 / L 1 L I L I N 1
0 1 2 3 4 5
uN/uM

FIG. 11. Step velocity normalized by u,, as a function of un/uy
at the indicated o, values. The subscripts M and N can be inter-
changed. Care must be taken in comparison with experiments: if the
flow rate of NHj3 is increased while that of TMG is kept constant,
then o, increases.
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D. Group-III-gas-pressure representation of equilibrium
growth condition

The crystal grows only if o, is positive, which is equivalent

to the condition
AGy
—— ). 26
P( kBT> (26)
Tloo

The use of py in place of 6,, > is much more convenient.
This replacement is possible if the coverage of the H adatom is
approximately known. By taking the ratio between Eqgs. (B2a)
and (B2b) in Appendix B, the necessary condition in Eq. (26)
for growth is rewritten as

2 gas
Pu AG
PMPNH; > Qg—léoexp <— kBYAf >, (27)

3/2
Tloo Hy
Oy~ DNH, > e ex

where
AGy" = ™ (T) + i, (T) + i (T)
— N (T) = 2p5"(T). (28)

Similarly, o, is rewritten as

2 gas
Lﬂ exp (— G ) (29)
PmPNH; Oy kgT

This shows that the equilibrium condition for growth is not
explicitly affected by errors in u57 !(T) but only by those on
wif'(T) and ', The dependence of AGY;" on AIN, GaN,
and InN is shown in Fig. 10(b). The condition in Eq. (27)
indicates that the product of the source pressures necessary
to grow MN increases proportionally to the square of the H;
pressure. This is a very severe requirement for InN growth,
since the AGS,;" of InN is smaller than those of AIN and
GaN as shown in Fig. 10(b). Therefore, N, is usually used
as a carrier gas during MOVPE growth of InN and InGa(A)N
[3]. The equilibrium condition for py pnu;, 1.€., the right-hand

side of Eq. (27), is calculated at various values of py, /v/6}>
as a function of temperature and shown in Figs. 12(a)-12(c).
For each value of py,/~65'>, the growth rate is zero on
the corresponding line, and the N-polar MN grows only
above the line. We have examined the calculations assuming
va! =1 (dashed lines) and y;;' = 0.9 (solid lines). Only the
latter results agree fairly well with those of GaN and InN
growth experiments. This suggests that the N-H bond of the
H adatom is weaker than that of NH3. In the case of AIN
growth, use of H, carrier gas imposes practically no limitation
on the growth, because the calculated equilibrium conditions
are extremely low at the usual H, pressures. The use of H;
carrier gas at around 1 bar is also suitable for N-polar GaN
growth at the usual growth temperatures around 1000 °C, Ga
pressure around 1073 bar, and NH3 pressure around 1 bar.
Furthermore, precise control of the H, flow rate can adjust
the H, pressure to be slightly above the equilibrium growth
condition, which is favorable for step-flow growth without
kinetic roughening. On the other hand, N, carrier gas has been
used to grow InN. Even when this is done, H; is produced by
dissociation of NH3. The solid lines in Fig. 12(c) indicate that
the pressure of H, should be lower than about 0.1 bar at the
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FIG. 12. (a)~(c) Equilibrium py pnu, for N-polar MN growth
in the ideal step-flow growth mode (M = Al, Ga, and In) as a
function of temperature calculated at the four py,/\/0'™ values
indicated in each frame. AG is zero on each line, and the N-polar
MN grows above the line. (d)—(f) Degree of supersaturation o,
for N-polar II-nitrides as a function of temperature at the various
Ph,/ (Pmpxu;0'™) values indicated in each frame. The points where
o, falls to zero correspond to equilibrium, AG = 0. The symbols in
(e) correspond to the growth conditions of Ref. [42] (see Sec. IIL E).
All the curves are independent of the chemical potential of the
group-III T1 adatoms. The adjustment factor ¥1! is unity (dashed
lines) or 0.9 (solid lines).

usual growth temperatures around 600 °C, In pressure around
10~* bar, and NHj; pressure around 1 bar.

In the case of GaN and InN growth, growth rate limitation
at high temperature is chiefly caused by o.. In Figs. 12(d)—
12(f), o, is shown as a function of temperature at various
values of the pressure-ratio parameter p%b /(P PNH, Ggloo) for
ya! = 1 (dashed lines) and ;' = 0.9 (solid lines). The points
where o, falls to zero correspond to equilibrium. Similar
temperature dependence of the growth rate [21] and of the
stability of the InN surface structures [19] has been reported
in previous thermodynamic analyses. In the case of AIN,
o, is almost always unity regardless of temperature and H;
pressure under typical growth conditions. The extremely large
pressure-ratio parameters for AIN indicated in Fig. 12(d) are
selected to show the falls in o,.. Although o, is unity even
at extremely small pressures of Al and NH3, their pressures
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need to be sufficiently high to obtain a practical growth rate.
Therefore, it is likely that AIN usually grows under a highly
supersaturated condition. MOVPE growth of GaN is usu-
ally performed at growth temperatures of 900-1100 °C and
pressure-ratio parameters from about 10* to 10°. Under these
growth conditions, N-polar GaN growth near the equilibrium
condition is possible only if ;1 ' = 0.9 is assumed, as shown
in Fig. 12(e). For InN, N, carrier gas is used. If the pressures
of In, NH3, and H; created by the decomposition of NHj are
107, 1, and 0.1 bar, respectively, and the H-adatom coverage
is almost unity, the pressure-ratio parameter is 100. Under
these conditions, if y,1' = 0.9, then InN growth is possible
below 740 °C, as shown in Fig. 12(f) by the solid line marked
with 100. The NH; decomposition ratio and the H, pressure
probably increase with temperature.

E. Comparison between experimental and calculated results

Group-IIl-source flow-rate modulation epitaxy (FME) of
N-polar GaN has been developed by Lin et al. [42] to improve
the flatness of the growing surface. In this section, fair agree-
ment with their experimental results will be shown, assuming
yg ' =0.9. In their experiment, the growth temperature was
1015 °C, the reactor pressure was 0.400 bar, and the input
flow rates of H, and NH; were 10 slm (standard liter per
minute) and 0.067 mol/min, respectively. The input flow rates
of TMG was 21 pumol/min during the high-flow period and
10 pmol/min during the low-flow period. The decomposition
ratio o (0 to 1) of the NH; input flow, where a fraction
1 — o of NHj; remains and a fraction « is decomposed to
1/2 N, and 3/2 H,, is introduced in the calculations following
Refs. [19-21]. The pressures of H,, NHj3, N,, and Ga are
assumed to be proportional to their flow rates (or that of
TMG for Ga) after NH3 decomposition has occurred. In the
case of @« =0, the H, and NHj pressures are 0.348 and
0.052 bar, respectively. The Ga pressure is 1.64x107> bar
during the high-flow-rate period and 0.78x 107> bar during
the low flow-rate period. At these pressures 11 is 0.96
and 611 is 0.04 [43]. During the high- (low-) flow-rate
period, 681 is 1.13x107° (5.40x107%) if y&! = 0.9, AG
is 0.86kgT (0.12kgT), and o., which is plotted by a circle
(a triangle) in Fig. 12(e), is 0.58 (0.11). Even in the case
of & = 0.3, 6" and 61!>° are almost unchanged and 61>
decreases only slightly to 1.08x 107> (5.13x 10~%). However,
pIZ_12 /(PGa pNHﬁIEl”o) increases and o, decreases with increas-
ing «. In the cases of « = 0.1, 0.2, and 0.3, o, in the high-
flow-rate period is shown by squares in Fig. 12(e), while o, in
the low-flow-rate period decreases to become negative. Very
slow spiral growth of the N-polar GaN is possible under the
same growth condition as in the low-flow-rate period [28].
This suggests that o, is positive even in the low-flow-rate
period, and consequently « is less than 0.078, where o,
becomes zero, with the assumption of yg 1'—0.9. Under the
FME growth condition, 611 /651, is about 0.08. Therefore,
condensation of the Ga adatoms into bulk Ga is prevented.

The estimated o, values suggest that GaN grows suf-
ficiently above the equilibrium condition during the high-
flow-rate period and near the equilibrium condition during
the low-flow-rate period. Therefore, some irregular structures
with excess step and kink energies can be formed during the

high-flow-rate period because there is a margin to allow incor-
poration of MN in a situation with larger chemical potential
than the bulk pyn in Eq. (13). However, if the low flow rate
of TMG is carefully adjusted as in the experiment of Lin
et al. [42], these irregular structures become unstable and may
disappear during the low-flow-rate period. On the other hand,
the steps grown by advance of the regular kinks are more
stable, even during the low-flow-rate period. These results
suggest that H, is a suitable carrier gas for well-controlled
N-polar GaN growth near the equilibrium condition. It is
expected that Hy FME is also possible to improve flatness.
Next, it must be confirmed that the observed growth rate of
1.52-2.04 um/h [42] can be reproduced using properly esti-
mated kinetic coefficients. The observed growth rates corre-
spond approximately to double-layer growth per single high-
flow-rate period (1 s), ¢/s = 3600 c/h = 1.87 um/h. We will
try to reproduce this rate. Lin et al. [42] used an N-polar
GaN substrate with 0.3° offcut toward the m plane. In this
case, [, in Egs. (18) and (25) is about 99 nm. Therefore, vy
must be 99 nm/s. Every double step advances /s in a single
cycle of FME. After 1800 cycles have been repeated, the
terrace at the highest edge of the sample surface extends as
wide as 1800/, = 178 wm without any step deriving from the
initial vicinal surface, as shown by the case of N = 1800 in
Fig. 9(b). In this stepless area, N-polar GaN may grow in the
spiral growth mode around threading screw dislocations [28].
Although this small area on the whole 10x5 mm? substrate
may be neglected, annihilation of kinks during growth is not
negligible and creation of kinks needs to occur at the same
rate to maintain the kink density as shown schematically
in Fig. 9(a). Kink creation may start from the formation of
irregular Ga—N units, shown in Fig. 8 by red and purple, when
Ga adatoms fail to seek a nearby kink, particularly along the
long straight segments of the step. The rate of kink creation
and the density 1/d; of kinks along a step may be high at high
o, which allows the formation of irregular Ga—N units.
From Egs. (18) and (24a),

Tloo l
> 9 A
UGa = —22—0.x§, tanh — (30)
TGa XGa

is obtained, where AY;, is replaced with x§, because 611®° «

611% The lifetime of the Ga adatom is

TGa = 1)sTr]etch exp (Egzs /kBT) ’ (3 1)

where E& is the energy barrier for Ga-adatom desorption and
Vgireteh 18 the frequency of Ga-adatom bond stretching [22-24].
The surface diffusion coefficient of the Ga adatom is

Df;, = @*Vpena exp (—Egn' [ksT), (32)

where EZMT is the energy barrier for Ga-adatom diffusion and
Vpend 1S the frequency of Ga-adatom bond bending [22-24]. In
these calculations, the vibrational temperatures estimated in
the Supplemental Material II [36] are converted into frequen-
cies. E& is tentatively assumed to be given by

3Tl eIl
EGY = VG EGN — ks ) —* coth <—2‘;f“ ) (33)
i=1
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FIG. 13. Schematic structures of a Ga adatom (red) and H
adatoms (blue) at the T1 sites (a), and possible Ga and H configura-
tions at the intermediate position (b) and at the saddle-point position
(c) in the course of site exchange on the N-polar GaN surface.
Schematic structures of Ga adatom (red) at the T1 site (d) and at the
saddle-point position (e) in the course of migration on the m-plane
GaN surface [44].

where the internal energy due to the vibrations of the Ga
adatom is subtracted from the unknown bond energy of the Ga
adatom. Another unknown parameter is EST. The T1 sites on
terraces are almost filled with H adatoms. Even if the coverage
of the bare sites is 1/4 [17-20], it is difficult for the Ga
adatom to reach a kink through a path consisting of only bare
sites, because the percolation threshold density on a triangular
lattice is 0.5. This suggests that the Ga adatom migrates by site
exchange with neighboring H adatoms. Figure 13 illustrates a
possible adatom motion from initial (a), intermediate (b), to
saddle point (c) during the site exchange. The diffusion barrier
of the Ga T1 adatom in the a direction on the m-plane GaN
surface has been calculated as 0.21 eV [44]. The Ga-adatom
motion on the m plane is shown in Figs. 13(d) and 13(e). The
bond length and the angles between the bonds around the Ga
adatom and around the first-neighbor N atoms are different
from those of the bulk in the saddle-point configuration shown
in Fig. 13(e) [44]. Therefore, the bonding energy of the Ga
adatom in Fig. 13(e) is much lower than that of the B2
adatom in Fig. 4. The configurations around the Ga adatoms
shown in Figs. 13(a) and 13(d) are the same to the second
neighbor of the adatom if the slight difference in the bond
along the c¢ axis of the wurtzite structure is ignored. Also,
those in Figs. 13(c) and 13(e) are the same except for the
H atom below the adatom in Fig. 13(c). At the intermediate
position of Fig. 13(b), the H adatom may form a hydrogen
bond (blue line) with the neighboring N atom and switch the
covalent bond and the hydrogen bond through the saddle-point
configuration in Fig. 13(c) or through proton tunneling owing
to the small proton mass and size. The distances shown by red
lines in Figs. 13(b) and 13(c) are about 1.57 A, which is the
bond length of the H adatom on the surface Ga atom of the
m-plane GaN [41]. Although precise calculations are required
to evaluate ES in such a situation, we guess that it is around
two to three times 0.21 eV.
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FIG. 14. Calculated results for the MOVPE growth rate of N-
polar GaN. The growth conditions of the FME experiment [42] are
used except for the parameter on the horizontal axes in (b)—(e). The
dependencies on the decomposition factor o of NH; gas are shown
in (a)—(d). (a) ug, (solid line) and uy (dashed line) that are required
to reproduce the step velocity of 99 nm/s, as functions of E&s—EJMT,
X, (chained line) is also shown. (b) vy, (solid line), ug, (dotted
line), ux (dashed line), and cost of source materials (chained line) as
functions of the flow parameter x, where the NH; flow is x times
0.067 mol/min and the TMG flow is 1/x times 21 pwmol/min. (c)
Degree of supersaturation o, (solid line) and H-adatom coverage
(dashed line) as functions of yx. (d) Step velocities as functions of
interstep distance /;. (e) Thickness growth rate as a function of offcut
angle §. (f) Model of step bunching used in the calculations shown
in (e): the uniform vicinal surface (dashed line) is divided into the
step-bunching areas of slope ¢ and the scattering areas of slope 8
(solid line).

In the present study, the possible range of ESM that is
consistent with the FME experiment [42] is estimated as
follows. Both 611 given by Eq. (B2a) and tg, contain the
same exponential factor of yg;Eg‘;'_‘Iﬁ‘], which is canceled in
021 /1, because RE! in Eq. (B4) is negligible. Therefore,
082 /16, in Eq. (30) is independent of the unknown param-
eter ygj The remaining unknown parameter in ug, given by
Eq. (30) is x§,, which is a function of ngf — Egi;f. That is to
say, although both E&* and EZMM are unknown, ug, depends
only on their difference. Figure 14(a) shows ug, and xg;, as
functions of Egzs - Egiaff under the growth condition of the
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FME experiment at a high TMG flow rate. If x{;, is much
smaller than /;, then the hyperbolic tangent in Eq. (30) is unity
and ug, is proportional to x§,, as shown in Fig. 14(a). On the
other hand, if x, is much larger than [, then x¢;, in Eq. (30)
is canceled and ug, becomes independent of ES — EZIT as
shown in Fig. 14(a). In this limit, ug, and vy, as well as o are
independent of the unknown parameter yg’al In Fig. 14(a), un
required to reproduce a step velocity of 99 nm/s is also shown.
For consistency with the experiment, E&* — ESM must be
larger than about 0.9 eV. Therefore, ng? must be smaller
than Eggs —0.9eV. When ngls — Egif isl.2eVand ais 0.1,
nNm,/dy in BEq. (20) must be 3.6x107* nm~! to reproduce
the step velocity. If di is 10 nm, nxp, is 3.6x 1073, which
is identical with exp(—E,/kgT) at E, = 0.62 eV. E, can be
regarded as an energy barrier for the dissociative adsorption
of NHj3. Although the surface structure is different, the energy
barrier for the dissociative adsorption of NHj3 on the Si(001)
dimer has been calculated as 0.65 eV [45]. The incident flux
of NHj; into the area Q of a kink is 8.1x10° s~! at the NH;
pressure of the experiment and o = 0. On the other hand,
the incident flux of Ga gas into € is only 1.3x10% s™! at
the Ga pressure during the high-flow-rate period and o = 0.
If the same method as used in the case of NHj is applied to
calculate ug,, then ng,/d; larger than 1.5 nm~! is necessary
to let ug, be larger than 99 nm/s. Even if ng, is assumed to
be unity, d; should be smaller than about 2a, which is too
small. This indicates that the direct Ga incorporation from gas
into the kinks is not enough to reproduce the observed growth
rate unless the step and kink densities increase significantly
as a result of surface roughening. Ga-adatom collection from
the terraces into the kinks is necessary for well-controlled
step-flow growth. In this way, the observed growth rate can
be reproduced by the calculations with some permissible
assumptions about the unknown parameters and the formulas.
It is expected that further theoretical studies and experiments
under various growth conditions will provide more precise
information.

F. V/III flow ratio for maximum growth rate

Optimization of the V/III flow ratio is often performed at
constant fyp, or constant frvg with the other being varied.
However, this method may lead to a misunderstanding owing
to the effect of variations in o,. It is probable that o, affects
growth mode, surface morphology, and d;. Therefore, it is
sensible to retain the same o, value when comparing the
V-rich and IlI-rich conditions. From Eq. (29), o, is conserved
when pgy /(pGapNm,Og'™) is constant. In an actual growth
process by MOVPE, the flow rates of the gases and the total
reactor pressure are controlled. Moreover, part of the NHj
gas decomposes to N, and H, gases if @ > 0. Therefore, it
is a rather complex task to control the partial pressures. In
Figs. 14(b) and 14(c), fyu, (the flow rate of NH3) and frmc
(the flow rate of TMG) are varied while frvc fyn, and fu,
(the flow rate of Hy) are kept constant. That is to say, fnu, =
Xfun, and fv = fiug/x» where fuy, = 0.067 mol/min
and f}’MG = 21 pumol/min, i.e., the flow rate of the FME
experiment [42]. In the case of « =0, pg.pnu,/ plz_b =
Srve N,/ ffh, and consequently o. is almost constant, as
shown in Fig. 14(c), even if the V/III flow ratio is varied by a

factor of 10*. Therefore, a constant value of d; is assumed in
the following calculations. The slight decrease in o, at large x
is due to the decrease in 6,}'*. The coverage of the H adatom
(bare N) slightly decreases (increases) with increasing NH;
flow, because py, decreases under the constant H, flow and
the constant total reactor pressure.

In the following calculations, ES — EJ is assumed as
1.2 eV, which corresponds to, for example, Eg;ff =0.5¢eV,
Eé‘;’f =1.7eV, and ygal = 0.91. The value of nnm,/dy is
assumed as 3.6x107* nm~!. Figure 14(b) shows that vy
reaches a maximum near the condition ug, = un [33]. The
estimated Ga coverage is below the equilibrium coverage
with bulk metal Ga, 6., even at the highest Ga pressure
(x =0.1). The cost of the source materials shown in
Fig. 14(b) is estimated as proportional to fyu, + 2500 frma,
where the price/mol of TMG is assumed to be 2500 times of
that of NHj3. The growth condition of the FME experiment
(x = 1) is situated near the maximum growth rate and the
minimum cost condition. The production of GaN per unit
cost is proportional to the growth rate divided by the cost.
Furthermore, rapid growth prevents waste of source gases
and waste of running cost and increases the incorporation
efficiency of In for InGaN growth. This kind of analysis gives
a practical criterion to select the V/III flow ratio at constant
o,, which probably provides constant quality, if the unknown
parameters are precisely evaluated.

G. Effect of substrate offcut angle

Figure 14(d) shows the step velocity as a function of the
interstep distance [;. The same parameters as the previous
section (at x = 1) are used. ug, increases with [, because the
territorial area to accumulate adatoms into a kink increases.
However, if [,/2 exceeds xg;, = 34 nm, the limitation by x,
begins to be effective and saturation of ug, occurs. On the
other hand, ux of the present model is independent of the
offcut angle and the interstep distance. vsp is limited by both
uga and uy and it increases with /; and decreases with offcut
angle. Figure 14(e) shows the thickness growth rate upick as
a function of the offcut angle 8. vy,;cx increases with offcut
angle and decreases with [, contrary to vUgep. This is because
Uthick 1S proportional to the product of the step density and
Ugep as in Eq. (25). However, such a strong dependence on the
offcut angle as shown by the black line in Fig. 14(e) is not
usually observed in actual growth experiments. It is known
that step bunching occurs if the offcut angle is large, because
the interaction between steps due to the scramble for adatoms
becomes stronger as the interstep distance decreases [30]. A
simple morphological model of the situation after step bunch-
ing is shown in Fig. 14(f). The uniform vicinal surface of the
offcut angle § toward [1010] (blue dashed line) is divided into
the step-bunching areas of steep ¢ and the areas of gentle §.
When the fraction of the gentle slope along [1010] is £, the
mean slope is £ tan§y + (1 — &) tan ¢ = tan §. Therefore,

& = (tang — tan §)/(tan ¢ — tan dy). (34)

Then, the growth rate of the bunched surface is represented
by

VRN (8) = Evmick (80) + (1 — E)umick (). (35)
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The lengths of the short and long red arrows in Fig. 14(f)
are proportional to vgpick (80) and vgpick (), respectively. This
model does not involve either the periodicity or the length
scale of the step bunching: only the fraction £ has an effect.
A steady-state growth of the step-bunching surface per unit
time is shown in Fig. 14(f) by the advance of the black line
to blue line. The surface morphology is retained during the
growth because convex corners, where the surface of slow
growth rate overcomes that of fast growth rate, and concave
corners, where the surface of fast growth rate overcomes that
of slow growth rate, appear alternately. The angle 1/ shown in
Fig. 14(f) is

tan g = Dk (80) tan ¢ — Upick (¢) tan 307 (36)

Uthick (¢) — Uthick (80)

which traces an intersection between adjacent slopes. This
simple morphological model of step bunching can provide a
mechanism for the formation of the internal structure of the
Y -inclined sheets [green area in Fig. 14(f)] that are often
accompanied by modulation of concentrations such as those
of alloy, dopant, and impurities [46]. Those concentrations
are modified by the slope (§p and ¢ in this model) of the
growing surface. The growth rate of the bunched surface is
shown in Fig. 14(e) as a function of the offcut angle § for
the cases of ¢ = 5°, 10°, and 20°. It is assumed that step
bunching occurs only when the offcut angle is larger than
8o = 0.5°. The dependence of the growth rate on the offcut
angle is suppressed with increasing ¢. On the other hand,
spiral growth, which produces steps, raises the growth rate at
small offcut angles [28]. Therefore, the striking offcut-angle
dependence of the growth rate for the ideal vicinal surface in
Fig. 14(e) is mostly suppressed in actual growth experiments.

IV. CONCLUSIONS

The BCF theory for the step-flow growth mode and
the thermodynamic model of compound epitaxial growth of
Koukitu et al. have been combined through the mediation of
the configuration entropy of the adatoms. The competitive
adsorption coverages of the group-III and H adatoms have
been evaluated using the Langmuir adsorption isotherm. The
T1 sites on terraces are mostly occupied by H adatoms, and
the coverages of group-III adatoms are extremely small under
the typical growth conditions of MOVPE for N-polar group-
IIT nitrides. The equilibrium coverage of group-III adatoms
and the equilibrium pressure of NH; gas have been evaluated
from the conditions of Gibbs energy balance between sources
and products and speed balance between group-III and N
incorporation into the step kinks. The equilibrium NH3 and
group-III gas pressures required for N-polar III-nitride growth
increase with increasing H, pressure and temperature. AIN
can grow irrespective of the H, pressure owing to the strength
of the Al-N bond. GaN growth is possible at H, pressures
around 1 bar under typical growth conditions and can be
controlled by the H, pressure. InN growth is highly influenced
by H, gas and is possible at H, pressures lower than about 0.1
bar under typical growth conditions around 600 °C. The major
roles of hydrogen are (i) providing a significant reduction in
the surface energy of the N-polar group-III nitrides as a result
of H adsorption, (ii) preventing condensation of group-III

adatoms, (iii) reducing supersaturation and promoting step-
flow growth, and (iv) modifying group-III adatom mobility.
A fair agreement between the experimental and calculated
growth rates is obtained when the bond energies of the
adatoms with surface N atoms are reduced by about 10%
from those of the bulk group-III nitrides and NH3. A criterion
for the V/III flow ratio to obtain maximum products/cost and
minimum waste of the materials under a constant degree of
supersaturation has been proposed.
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APPENDIX A: CONFIGURATION ENTROPY
AND CHEMICAL POTENTIAL OF ADATOMS

First, the coverage 9an is defined as the occupancy ratio at
a specific type of adsorption site Sn by a specific chemical
species j, which includes dangling bonds without any adsor-
bate. This definition is simple at the T1 site. However, the H
atom has only one bond and there are two surface N atoms
with dangling bonds at a B2 site. Therefore (number of H,
number of bare N) at a B2 site can be (2, 0), (1, 1), (0, 2), and
(0, 0). The last case means occupancy by single M. For any n
of 1,2, 3, and 4, the coverages of M, H, and a dangling bond
can be defined as

Ox = Nu/Ns, (Ala)
05" = Nu/(nNs), (Alb)
and
Sn __ _ Sn Sn
Opare = Noare/ (nNs) = 1 — 03" — 6", (Alc)

where the number of type Sn sites, adsorbed M, adsorbed H,
and dangling bond are Ng, Ny, Ny, and Npye = n(Ng — Nyy) —
Ny, respectively.

Next, the mixing entropy of competitive adsorption be-
tween M and H at type Sn sites is calculated. After adsorption
of M, Ns—N,; bare Sn sites and n(Ns—N)) dangling bonds
remain. Further adsorption of H atoms at the dangling bonds
results in the final number of the dangling bonds MNy,re. There-
fore, the mixing entropy of the total sites is

NS! (NH +Nbare)!:|
(Ns — Nut)!Nut! - Nu!Npare!

If the numbers of sites and adatoms are sufficiently large,
the mixing entropy per site S,,/Ns is

Su =kgln |: (A2)

S = —kpB3 In (057) — k63" In [63 (65" + 657) ™ ]

— ke, In[651, (65" + 651.) ], (A3)

bare
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using Stirling’s formula and substituting the coverages for the
number ratios.

Finally, the configuration entropy 95, /0N; of adatom j
must be added to the chemical potential given by Eq. (11). In
the calculations of the partial derivatives of S,,, Ng must be re-
placed with Ny, + (Ng + Npare)/n. The consequent coverage-
dependent chemical potentials of M and H adatoms and
dangling bonds at the Sn sites are

n n oSn 8Sm

wnt (T, 637) = i (T) — Tm
= u33"(T) + kg T In 637, (Ada)

n n o, aSm

il (T 0) = i (1) =T o0

1-n

= 1?0+ kT I [0 657+ 0) 7
(A4b)
and

oS
3Ivbare

/J“bare(T egar;e) =-T

= kT In [0, (65" + ebm);"], (Adc)

respectively. In Eq. (A4b), S1 corresponds to T1 when Sn
is B2.

APPENDIX B: LANGMUIR ADSORPTION ISOTHERM

Here the Langmuir adsorption isotherm [26,27] will be
derived with an extension to treat competitive adsorption
between adatoms having more than one bond, such as group-
IIT atoms, and those having a single bond, such as H atoms.
It must be noted that the present calculations ignore effects
related to the electron counting rule. When M adatoms of
coverage 65" and H adatoms of coverage 6" adsorb on a
completely bare surface from flowing M and H, gases of
constant partial pressures, the increase in the Gibbs free
energy per site is

g — QSn[ n( 95}1) _ gaﬁ(T pM)]
+n0y" [y (T, 03") — 3145, (T pw)]

+ nebare“bare (T Gbare) (B 1)

where ui" (T, 1) is not shown explicitly, because it is zero.
In Eq. (B1), dissociative adsorption of H, is assumed, be-
cause the pressure and the consequent incident flux of H in
equilibrium with H, are very small, as shown in Fig. 3(d).
By replacing 65", with 1 — 60" — 65", the coverages that
minimize Ag are obtained from the simultaneous equations

dAg/00y" = 0 and dAg/d05" = 0 as follows:
0™ =Ry /EY", (B2a)
03> = RS (R + 1)1 /85", (B2b)

and
egal’;zo -1= 95}’100 9]._9{’100 — (R%n + 1)”71 :gl’l’ (B2C)
where
0835 T oSn T
RS =DM exp| & () = " (M) | (B3a)
p° kBT

ogas TY/2 — oS1 T
R = [P g | M (T2~ ip (1) ., (B3b)
p° ksT

(B4)

and

:gn — RSII + (RIS:I}’! + 1)"

ES" is the grand partition function for a single Sn site,
where gases are supplied from a reservoir. For the T1 sites,
where 7 is unity, Eqs. (B2a)—(B2c) are the same as the Lang-
muir adsorption isotherm for competitive and dissociative
adsorption [27]. At the coverages given by Egs. (B2a)-(B2c),
it is confirmed using Eqgs. (A4a)—-(A4c) that

uar (T, 637°°)
wip' (T, 65)]

ubZre( Ooare )]

wyy (T, pu) —
= n[zuff(T ) —
= n[Mbare(T’ 1) -

=kgTInEY >0 (BS)

is fulfilled. Equation (BS5) shows that all of the adsorbed
species release the same free energy per site to reach the
minimum free energy under the constraint 8y, + 65" + 651, =
1. In other words, the coverages are adjusted to fulfill Eq. (BS)
according to the partial pressures and the temperature. By

using Eq. (B5), Ag at the minimum is obtained as

Agmin = —kgT In EJ" < 0. (B6)

The grand partition function for all Ny adsorption sites is
(Eg" YV if the interaction between adatoms can be ignored.
The coverages can be calculated as [48]

ksT 9 1In (25m)™
oo = feL 2 (EH) (B7a)
Ny 0y,

and

Snoo _ kgT dln (’“Sn)N.y
! nNs 9(u gae/z)

(B7b)

In Eq. (B7b), n appears from the definition of the
H coverage. These equations provide the same results as
Egs. (B2a)—(B2c). In the same way, Eqs. (B2a)—(B2c) are eas-
ily extended to the case of quaternary competitive adsorption
of Al, Ga, In, and H by replacing E5" with R{! + R + R} +
(R + 1)". Similarly, the coverages of ternary (e g Ga In,
and H) competitive adsorption can also be formulated.
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APPENDIX C: ADSORPTION OF NH, AND H AT Gr SITES

The chemical potential M;G”(T) for j = N and H is given
by Eq. (11). In the cases of NH and NH, adsorption, the
composite-type approximation

IR(T) = pf8™(T) + xpt ' (T) (Cl)

is used. This is probably a fair approximation, because the
mass of NH, is not so different from that of N in the rough
estimation of the vibrational temperatures in the Supplemental
Material II [36]. Of course yN " and ! for Eq. (C1) must be
different from those of the N adatoms at Gn and the H adatoms
at T1. However, they are unknown and fixed at 0.9 in Fig. 7.
In the calculations of the coverages of NH,, Eqgs. (B2a) and
(B3a) are modified as

eGnoo Rl(\}gl /r—an (C2)
and
Gn pNH3 po (B—x)/2
R, =— | —
X pO sz
i (1) = (B = D)™ (1)/2 = iR (T)
MNH, 2% MNH
X exp
kgT
= RY'(RY)" (C3)
where

n

=Ry + RSy + RO, + (RE+1) (C4)

andx = 0, 1, and 2. The last line of Eq. (C3) is obtained using
Eq. (C1). The denominators for 65" and 63" in Egs. (B2b)
and (B2c) must also be replaced w1th "‘G” . In the case of the
G3 sites, RSH is omitted, because an adsorbed N atom would
have five bonds It is assumed in Eq. (C3) that the NH, adsor-
bate is provided by the dissociative adsorption of NH3 accom-
panied by the associative release of (3 — x)/2H, molecules,
because the pressure of NH,, in equilibrium [at the intersection
of the thick black line and the red line in Figs. 3(f)-3(h)] with
NH3—(3 — x)/2H; is very small. Furthermore, the adsorbed
NH3; probably has smaller dissociation energy barriers than
those in the gas. Additionally, NH3—(3 — x)/2H, (red line)
have higher chemical potential, which is suitable as source
and released gases for the adsorption and growth reactions,
than 1/2 N; and x/2 H;, (blue line) at the usual growth tem-
peratures.

It must be noted that the coverages of NH and N adatoms at
the G3 sites [Figs. 7(d) and 7(e)] should be the same as those
of H adatoms and dangling bonds at the T1 sites [Figs. 5(c)
and 5(d)], respectively, because the coverages of other kinds

of adsorbates at G3 and T1 are negligible and the compared
pairs represent the same situation. This requirement is fulfilled
when Eq. (C1) is used (compare the lines of NH and N at G3
with the solid lines of H and bare at T1), because the rela-
tion OG> /0N = RGp.., /RSE, = RY' /1 =6 /601%° is
obtalned from Eqs (B2b) (B2c) (C2), and (C3) when all
the y "s are the same. Another thing to be noted is that the

adsorptlon of two or more H atoms at a G2 site or a G3 site

is inhibited owing to the long H-Ga bond (1.57 A), while it
is possible at a B2 site owing to the short H-N bond (1.02 A)
[41]. However, the former rarely happens and does not spoil
the results, thanks to the much lower coverage of H adatoms
compared with that of dangling bonds at the G2 and G3 sites,
as shown in Fig. 7.

APPENDIX D: REPLACEMENT OF SOURCE Ga BY GaH

Very recent first-principles calculations have deduced that
GaH is the major resultant species in the gas phase after TMG
decomposition during MOVPE [49]. Here, replacement of
Ga by GaH as group-III source gas is briefly discussed. The
chemical potentials of the AIH and GaH gases are obtained
from Refs. [34] and [50], respectively. pwyry — iy /2 is

plotted in Figs. 3(a) and 3(b) by the purple hne uGaﬁ

g /2 is higher than wG:® above 1200 K. However, the
concentration of GaH gas may exceed that of Ga gas owing
to the decomposition barrier [49]. The same is true for the
case of the NHj gas and the N, /2 + 3H,/2 gases shown in
Fig. 3(e). The NHj gas, which is necessary for GaN and InN
growth, remains thanks to the large decomposition barrier of
NH3; in the gas phase. When GaH is the resultant species,
pen (T, pca) in Eq. (B1) must be replaced by 11y (T, pan)

—ug, (T, p,)/2. Accordingly, R in Eqs. (B2a) and (B4)
must be replaced by

Sn DGatl pan(T) — i (T)/2 — ,uOS”(T)
GaH — — —= X
pu, P kBT
(DD
Konp — /2 is higher than p ;" by as much as about

0.046 eV at 1015 °C. Then 63! increases to about 2.6 times
that for Ga gas when pg,y in Eq. (D1) is identical with
PGa and py, is 0.348 bar. Also, o., ug,, and un increase.
Therefore, the growth rate of GaN becomes larger than those
in Secs. IIIE-III G at the same adjustment parameters y, '
Yoy, nnms, and di. However, the fitting to the measured
growth rate [42] can be recovered by adjusting the parameters.
For example, by decreasing nnu,/dr in Eq. (20), ux can be
adjusted to reproduce the measured growth rate. Further study
is necessary to discuss the actual parameters and the actual
flow ratio of GaH to Ga.
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