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Abstract This study presents numerical modeling based

on a relatively limited number of gas-phase and surface

reactions to simulate the growth rate of aluminum nitride

layers on AlN templates and c-plane sapphire in a broad

range of deposition parameters. Modeling results have been

used to design particular experiments in order to under-

stand the influence of the process parameters on the crystal

quality of AlN layers grown in a high-temperature hydride

vapor-phase epitaxy process fed with NH3, AlCl3, and H2.

Modeling results allow to access to very interesting local

quantities such as the surface site ratio and local super-

saturation. The developed universal model starting from

local parameters might be easily transferred to other reactor

geometry and process conditions. Among the investigated

parameters (growth rate, temperature, local supersatura-

tion, gas-phase N/Al ratio, and local surface site N/Al

ratio), only the growth rate/supersaturation or growth rate/

temperature relationships exhibit a clear process window to

use in order to succeed in growing epitaxial AlN layers on

c-plane sapphire or AlN templates. Gas-phase N/Al ratio

and local surface site N/Al ratio seem to play only a sec-

ondary role in AlN epitaxial growth.

Keywords AlN � High-temperature HVPE �
Numerical modeling � Epitaxial growth

List of symbols

(S) Surface site

(B) Bulk or solid species

[A] Gas-phase concentration of species A (mol m-3)

ak Pre-exponential factor for reaction k (consistent

units)

[C(S)] Surface site concentration of species C (mol m-2)

Eak Activation energy for reaction k (J mol-1)

kk Rate constant for reaction k (s-1 or mol-1 m3 s or

mol-2 m6 s)

M Unspecified species (–)

MA Molar mass for gaseous specie A (kg mol-1)

PA Partial pressure of A at the growing AlN surface

(Pa)

P�A Equilibrium pressure of A versus AlN in vacuum

(Pa)

R Ideal gas constant (J mol-1 K-1)

T Temperature (K)

bk Temperature exponent for reaction k (–)

cA Sticking coefficient for gaseous species A (–)

c0 Pre-exponential factor for the sticking coefficient

(–)

Ctot Total surface site concentration (mol m-2)

vk Production rate of solid surface for reaction

k (mol m-2 s-1)
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1 Introduction

Aluminum nitride is a promising substrate for AlGaN-

based UV LED (intended to be used for water purification

and optical information storage) and piezoelectric appli-

cations [micro-electro-mechanical systems (MEMS) and

surface acoustic waves (SAW) devices]. The UV LED

industry requires high-quality single crystals (i.e., deep UV

transparency, low density of defect) [1]. The requirements

are more accessible for piezoelectric applications, for

which crack-free highly oriented c-axis layers are needed

[2, 3]. Heteroepitaxy is necessary for the development of

these new devices and systems, due to the fact that it is

currently the cheapest solution to produce industrial grade

AlN single crystals. Among the different available pro-

cesses for AlN growth (physical vapor transport, PVT [4],

metal–organic chemical vapor deposition, MOCVD [5],

and high-temperature hydride vapor-phase epitaxy (HT–

HVPE) [6–16]), high-temperature HVPE ([1,200 �C)

becomes the most prospective technique to produce the

required quality for both piezoelectric and semiconductor

industry. Despite its considerable interest, this technique is

still little studied from a modeling point of view. A better

understanding of the phenomena leading to high-quality

AlN layers grown on sapphire is the key point to allow

high-temperature HVPE becoming a new industrial refer-

ence in thick AlN layers processing.

High-temperature CVD processes are commonly used to

produce thick layers of AlN on various substrates. The

halide process using Al chloride and NH3 or N2 as Al and

N-precursors, respectively, is the most commonly used.

The experimental and thermodynamic study of Nickel et al.

[6] very early assessed the possibility to fabricate AlN

layers from AlCl3 and NH3 precursors. Attempts to obtain

epitaxial growth on sapphire are more recent one. Kumagai

et al. [7, 8], Freitas et al. [9], Nagashima et al. [10],

Eriguchi et al. [11, 12], and Tajima et al. [13] succeeded in

growing AlN on (0001) sapphire substrates in a hot-wall

reactor, in the 900–1,550 �C temperature range. Claudel

et al. [14–16] obtained similar results in a cold-wall

reactor.

Kinetic mechanisms of AlN deposition from chlorinated

precursors were first initiated by Allendorf’s team [17–20].

They proposed a set of kinetic and thermodynamic data for

the B–Cl–N–H system, complemented by the reaction set

of NH3 pyrolysis [21]. Dollet et al. [22] extrapolated the

gas-phase kinetic data for AlN formation from the work of

these previous authors and proposed sticking coefficients

for AlCl3 and NH3 on a growing AlN surface. Their study

reported a mechanism where AlCl3 and AlCl2NH2 are the

main aluminum containing species precursors. However,

only irreversible gas-phase reactions for the formation

of AlCl2NH2 were used due to a lack of available

thermodynamic data for this species. At the same time,

Swihart et al. [23] proposed a comprehensive kinetic data

set for the Al–Cl–H system from ab initio calculations.

Recently, Cai et al. [24, 25] proposed from the data of

[22] an irreversible gas-phase growth mechanism involving

AlCl3, AlCl2NH2, AlCl(NH2)2, Al(NH2)3, and AlClNH, as

aluminum containing species, neglecting the surface

kinetic of NH3 absorption (NH3 in large excess), and using

the pre-exponential factors of Arrhenius laws as fitting

parameters. Segal et al. [26] similarly conducted a mass

transport and quasi-thermodynamic surface kinetic model

for AlN growth.

We have also previously developed [27] and proposed

a complete description of heat transfer, mass transport,

gas flow dynamics and chemical reactions based on

available data [21–23] and experimental data of AlN

growth on AlN templates. This modeling work [27]

included a complete thermodynamic modeling of the

species involved in the database reported in Ref. [22] and

proposed forward and backward reactions rates in the Al–

Cl–N–H system. The fitting between experimental and

numerical results was made via the activation energy of

the surface reactions.

The aim of the present study is (1) to extend previous

modeling results with the help of new experiments cover-

ing a broader range of experimental parameters (tempera-

ture from 900 to 1,500 �C, N/Al ratio in gas phase from

0.75 to 30, total pressure fixed at 1,333 Pa, partial pressure

of precursors of Al- and N-containing reactive species from

0.5 to 120 Pa) and (2) to increase the understanding of the

effect of both N/Al ratio and supersaturation in the gas

phase on the crystalline quality of AlN layers grown on

sapphire.

2 Numerical modeling

2.1 Model formalism: gas-phase kinetic

and equilibrium analysis

All the calculations presented in this paper were performed

using the CFD–ACE multiphysics software package (2012

v1—http://www.esi-group.com), using the geometry of the

vertical and axisymmetric reactor described in Ref. [27].

In the high-temperature HVPE process used in this

study, NH3 was used as nitrogen source, Al chloride

(mainly AlCl3) fabricated from Al in situ chlorination as

aluminum source, and H2 as carrier/reactive gas. In con-

sequence, an exhaustive study of the Al–Cl–N–H system

has been conducted in order to highlight particular kinetic

pathways.

Thermodynamic and kinetic analysis presented in Ref.

[27] leads to the following simplified set of elementary gas-
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phase reactions as relevant to model the AlN growth rate.

The rate constant for each reaction is expressed in the form

of a classical Arrhenius law (for reaction k):

kk ¼ akTbk exp
�Eak

RT

� �
: ð1Þ

Table 1 gives the kinetic parameters for each

elementary gas-phase reaction (the order with respect to

each reactant is 1).

Reactions in H–Cl system of Table 1 are optional and

are only needed to increase the precision of the mass

transport modeling (see Table 2 also). For unknown

backward rates, the equilibrium constant is calculated

according to Ref. [28].

2.2 Mass transport modeling and surface reactions

The species transport properties are evaluated by various

methods. The diffusion coefficients, mixtures viscosities, and

mixtures thermal conductivities are calculated using the

Enskog theory [29]. The Lennard–Jones parameters used for

each gaseous species are either taken in the data reported in

Refs. [29, 30] or computed according to the empirical method

presented in Ref. [30]. The transport equations for gas species

do not take into account the multi-component Stephan

Maxwell formalism, due to the low concentration of reactive

species in H2 [29, 31]. Since the Reynolds number in our

CVD reactor never exceeds 50, the laminar incompressible

Navier–Stokes equation is solved to obtain the convective

part of the diffusion-convection problem. The local density of

fluid follows an ideal gas law.

To compute the mixture enthalpy, the JANAF formalism

[32] is used. Each thermal property (i.e., entropy, enthalpy,

and heat capacity) is calculated by a polynomial relationship

with temperature. The used polynomial coefficients are taken

from the Sandia National Laboratory Database [33].

For surface reactions, the atomic site formalism proposed

in Ref. [34] is adopted. It is considered that each site is an

atom chemically bonded to the surface. Two kinds of atomic

sites (atoms) are available on growing AlN surfaces: Al(S)

and N(S) sites. The total number of sites is initially evaluated

as the atom surface concentration on the polar c-plane of the

AlN wurtzite polytype (1.98 9 10-5 mol m-2). The surface

reaction rate for gas-phase molecules A approaching com-

plementary atomic sites C(S) is expressed as [34]:

vk ¼ kk½A� � ½CðSÞ� with kk ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

RT

2pMA

r
cA

Ctot½ � : ð2Þ

The ratio C(S)/[Ctot] represents the fraction of surface

sites C available for the sticking of gas-phase A molecules.

The surface production rate is simply expressed as the

product of an atom flux (kinetic theory of gases) with a

probability that an atom of this flux sticks on the solid

surface. We choose to express a simple dependency of the

sticking coefficient cA with temperature:

cA ¼ c0 exp
�Eak

RT

� �
: ð3Þ

In Eq. (3), c0 = 1 is taken as simplifying assumption.

The activation temperatures for each surface reaction were

varied in order to minimize the relative difference between

computed and experimental AlN growth rates (results

presented in the next section). In order to fit the rate

constant kk for surface reaction to the Arrhenius law of Eq.

(1), the following changes of variables is used as follows:

ak ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

R

2pMA

r
1

Ctot½ �
bk ¼ 0:5

Eak

R

����
Surface Arrehenius law

¼ Eak

R

����
Sticking coefficient

ð4Þ

Table 1 Gas-phase reaction kinetic parameters

ak bk Eak/R ak bk Eak/R

Pre exp. factor Temp. exp. Activ. temp. (K) Pre exp. factor Temp. exp. Activ. temp. (K)

Reaction Forward rates Backward rates

AlCl3 ? NH3 $ AlCl2NH2 ? HCl 4.21E?05 0 4,198 Calculated by thermodynamic equilibrium

H� ? Cl� ? M $ HCl ? M 7.20E?09 -2 0 7.90E?19 -3 53,598

2Cl� ? M $ Cl2 ? M 2.00E?02 0 -901 Calculated by thermodynamic equilibrium

H� ? HCl $ Cl� ? H2 1.69E?07 0 2,082 2.95E?07 0 2,567

Cl2 ? H� $ Cl� ? HCl 8.60E?07 0 590 Calculated by thermodynamic equilibrium

2H� ? H2 $ 2H2 9.70E?04 -0.6 0 8.80E?08 0 48,364

H2 ? M $ 2H� ? M 2.20E?08 0 48,364 6.53E?5 -1 0

Units are given in K s mol m. M is an unspecified third-body species
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This form is mandatory to enter the surface kinetics into

CFD–ACE multiphysics software database. Table 2 gives

the kinetic parameters for each elementary surface

reaction, according to this change of variables (the order

with respect to each reactant is 1). The surface reactions are

considered irreversible (no etching taken into account).

It should be noticed that the experimental activation

temperature for AlN growth is about 7,460 K

(62 kJ mole-1) and that the transition between kinetic-

limited growth and diffusion-limited growth is observed

from 1,200 to 1,300 �C. The modeling presented here

covers both diffusion and kinetic regime.

Solving numerically the balance of chemical site on the

AlN surface gives access to the surface N(S)–Al(S) ratio

during growth. This balance is simply obtained by

assuming that the molar rate of absorption of nitrogen and

aluminum atoms is the same (growth of stoichiometric

AlNh i). Then, the site density in Eq. (3) is calculated in

order to satisfy this equality. This balance is performed by

the CFD-ACE multiphysics software during calculations.

The validity of the modeling already presented in Ref.

[27] will be confronted to new experimental data. The

numerical modeling will give an accurate estimation of

growth rates, but will also allow calculating the surface site

ratio N(S)–Al(S) on AlN and estimating the surface

supersaturation of gaseous species in front of the growing

AlN surface. Indeed, the surface partial pressure of pre-

cursors strongly differs from the inlet partial pressure in

diffusion-limited regime. These local site ratios and

supersaturations will be confronted to the AlN crystal

quality to evaluate if there is an apparent correlation.

General trends on the correlation between calculated gas-

phase supersaturation and morphology of CVD films have

already been reported in Ref. [35]. It is generally accepted

that with increasing supersaturation, the sequence obtained

for the morphology is epitaxial layer, whiskers, polycrystal-

lites, amorphous layer, and finally homogeneous nucleation.

Several authors have defined supersaturation in the past

[36–41], with different forms within a general concept that

represents the difference in thermodynamic potential

between the initial and the final equilibrium states. The

sum or product of the reactants pressure divided by the sum

or product of the species pressure at equilibrium can be

used in equations. The sum presents the obvious property

of being nondimensional whatever the number of species

taken into account in each side of the division. In the frame

of our study, the local gas supersaturation near the growing

surface has been defined as follows:

b ¼ PAlCl3
þ PNH3

þ 2PAlCl2NH2

P�Al þ 2P�N2

ð5Þ

where P is the calculated pressure of species contributing

to AlN growth just in front of the growing surface and P*

the equilibrium vapor pressure of gases (N2 and Al) in

equilibrium with AlNh i in a closed volume, at the same

temperature, without hydrogen. As AlNh i becomes theo-

retically unstable in hydrogen between 1,200 and 1,300 �C

[27], the ‘‘AlN vapor pressure’’ in H2 has no meaning (i.e.,

the supersaturation is equal to unity in the range 1,200–

1,600 �C). This confirms that the growth conditions are far

from thermodynamic equilibrium inasmuch as AlN growth

is observed in conditions where AlNh i is theoretically

unstable (under H2 for HT–HVPE). The values P* are

calculated with Factsage 6.0 software package, with the

SGTE database [42].

All the calculations performed here have been conducted

with updated databases for transport, thermodynamic, and

kinetic properties. In consequence, the modeling results

related to the experimental data of Ref. [27] may be slightly

different from the modeling results presented here.

2.3 Experiments

Experiments were carried out in a vertical tubular quartz

cold-wall HTCVD reactor depicted in Ref. [27]. AlCl3 is

produced in situ by direct chlorination of high-purity alu-

minum pellets (99.9999 %) under a Cl2 flux at 640 �C [14].

The aluminum precursor is then mixed with NH3 previ-

ously diluted in a large amount of H2 as carrier and reactive

gas. The total pressure is 1,333 Pa. Quarters of two-inch-

diameter c-plane (±0.1�) sapphire wafers are used as

substrates. Prior to the injection of reactive gases, both

aluminum pellets and substrate are slowly heated under H2.

A 10-min annealing under H2 at 1,100 �C is used to pre-

pare the sapphire surface (etching of carbon contaminants);

then, the ramp-up to the growing temperature is made

Table 2 Optimized surface kinetic parameters for AlN growth

Surface reactions ak bk Eak/R

Reaction Pre exp. factor Temp. exp. Activ. temp (K)

NH3 ? Al(S) $ N(S) ? H2 ? H� 4.453E?05 0.5 8,654

AlCl3 ? N(S) $ AlN(B) ? Al(S) ? Cl� ? Cl2 1.590E?05 0.5 7,700

AlCl2NH2 ? Al(S) $ AlN(B) ? Al(S) ? 2HCl 1.720E?05 0.5 5,100

AlCl2NH2 ? N(S) $ ALN(B) ? N(S) ? 2HCl 1.720E?05 0.5 5,100

Units are given in K s mol m. Data corrected from Ref. [27]
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under 0.02:NH3/1:H2 at 20 �C min-1. At the growth tem-

perature, chlorine is injected into the aluminum chloride

generator and NH3 is readily inserted into H2. At the end of

the experiment, Cl2 flow is first stopped and then NH3, and

finally, the substrate is slowly cooled down under H2 at

10 �C min-1. The diluting gas flow rate during growth is

systematically 1,000 sccm of H2. AlN film thickness and

surface morphology are measured and observed by scan-

ning electron microscopy (SEM) or field emission gun

(FEG)–SEM. The thicknesses are obtained by averaging

5–10 SEM thickness measurements at different locations of

a cross section of the grown layer. The substrates are set on

a graphite susceptor during experiments. It was observed

that a N/Al ratio above 0.75 in the gas phase leads to a

strong etching of the susceptor, releasing gaseous chlorine–

carbon contaminants and thus limiting the lower value that

can be explored for this parameter.

Table 3 summarizes the experiments performed for this

study. The experimental growth rates, experimental con-

ditions, calculated local supersaturations, calculated sur-

face sites ratio, and crystal characteristics are given. The

crystal quality is either polycrystalline (X-ray diffraction

measurements in Bragg–Brentano configuration presenting

many peaks related to different AlN orientations), or epi-

taxial (only (000n) AlN diffraction peaks). The FWHM

(full width at half maximum) of the (0002) diffraction peak

of XRD rocking curves is indicated as a criterion for

crystalline quality of epitaxial AlN layers (wurtzite phase).

Every growth experiment has been conducted at least

two times to ensure the repeatability. The thickness

uncertainty is under 10 % of the total layer thickness.

Table 3 presents three distinct sets of experiments (see

comments column of Table 3). The first set has been

already presented and discussed in our previous study [27].

It was used to calibrate the numerical modeling of AlN

growth. AlN templates were deliberately used to overcome

heteroepitaxial issues with growth kinetics. Only one

condition leads to AlN epitaxial growth on AlN template. It

is obtained for the lowest supersaturation and N/Al ratio.

Epitaxial growth cannot be attributed to one parameter or

the other [27].

The second set of experiments has been designed with

mass transport modeling in order to vary the N/Al ratio in

gas phase at nearly constant surface supersaturation and for

a constant layer thickness. Due to the high growth rates

obtained, none of the experiments led to epitaxial growth.

Finally, the objective of the third set of experiments also

designed by mass transport modeling was to assess the

influence of N/Al ratio in gas phase at constant thickness and

constant growth rate of the layer. More detailed results can be

found in Ref. [43]. Additionally, in this set of experiments,

the influence of a low-temperature protective layer prior the

growth of thick high-temperature AlN layers is presented. All

the experiments led to epitaxial layers, with varying crystal

qualities due to the presence of etching voids at the sapphire/

AlN interface. These voids are suppressed by growing a low-

temperature protective layer prior to the growth of the high-

temperature thick AlN layer. The growth is then divided into

two steps: a low-temperature step that leads to the deposition

of an AlN protective layer and a high-temperature step that

leads to the deposition of the thick AlN layer. The process

flowcharts can be found in Ref. [43]. Both the low-temper-

ature protective layer and the high-temperature layer step are

described in Table 3 (two last lines).

The calculated supersaturation can reach values below 1

[Log10(b) \ 0] due to the fact that theoretical equilibrium

partial pressure of AlN (Al ? 1/2N2) on solid AlNh i is

greater than the partial pressure of reactants. The supersat-

uration values can be at least compared between each other.

The following discussion presents a local analysis of the

major quantities at the growth front that influence or not the

AlN crystal characteristics.

3 Results and discussion

3.1 Experimental growth rates versus modeling

First, the overall parity diagram between simulated and

experimental growth rates is presented in Fig. 1.

The optimization of surface kinetic parameters has been

made by minimizing the relative difference between

experimental and simulated growth rate, with a limited

number of parameters (only the three activation tempera-

tures for sticking coefficients). The modeling results

Fig. 1 Parity diagram between experimental and theoretical growth

rates
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overestimate the lower growth rates and underestimate the

higher growth rates. To obtain a better fitting, more cali-

bration parameters could be used. But the model accurately

predicts the influence of temperature and N/Al ratio in gas

phase on the growth rate in a large range of experimental

conditions in both kinetic and transport-limited regimes.

3.2 Morphology versus supersaturation and N/Al ratio

As stated in the Numerical Modeling section, the mor-

phology is strongly influenced by the local supersatura-

tion of reactive species. The effect of N/Al ratio both

at the surface and in the gas phase is also important.

Fig. 2 Surface morphology at different temperatures for N/Al = 4.5 in the gas phase (calibration experiment set on AlN template). The figure

also indicates the surface N(S)/Al(S) ratio and the local Log10 of the supersaturation

Fig. 3 Surface morphology for different N/Al ratio in the gas phase at constant temperature (calibration experiment set on AlN templates,

T = 1,400 �C). The figure also indicates the surface N(S)/Al(S) ratio and the local Log10 of the supersaturation
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Typical SEM or FEG–SEM images of the surface

morphologies of grown AlN layers with tempera-

ture, local supersaturation, gas-phase N/Al, and surface

N(S)/Al(S) ratios indicated are given in Figs. 2, 3, 4,

and 5.

Figure 2 shows, with larger grains on the surface mor-

phology, the enhancement of adatoms surface diffusion

coefficients with an increase in the temperature. In spite of

lower supersaturation at high temperature, the experiment

performed at 1,500 �C does not lead to epitaxial growth.

Fig. 4 Surface morphology for different N/Al ratio in the gas phase at constant supersaturation (constant supersaturation set, growth on sapphire,

T = 1,400 �C). The figure also indicates the surface N(S)/Al(S) ratio, the gas-phase N/Al ratio, and the local Log10 of the supersaturation

Fig. 5 Surface morphology for different N/Al ratio in the gas phase at constant growth rate and constant thickness (constant thickness and constant

growth rate set, growth on sapphire, T = 1,500 �C). The figure also indicates the surface N(S)/Al(S) ratio and the local Log10 of the supersaturation
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Figure 3 illustrates the effect of N/Al ratio in the gas phase

at nearly constant and low growth rate and slightly varying

supersaturation (due to constant temperature T = 1,400 �C).

Only the experiment performed with N/Al = 1.5 led to

epitaxial growth (FWHM = 3,204 arcsec). It is worth not-

ing that both the supersaturation and N/Al ratio in gas phase

are in the lowest range for this set of experiments.

The set of experiments with growth at constant super-

saturation (Log10b & 1.15, T = 1,400 �C) on sapphire

essentially led to polycrystalline growth with semi-polar

planes of AlN parallel to the c-plane of the sapphire sub-

strate AlN {10–11}//sapphire (0001). The typical surface

morphologies are illustrated in Fig. 4. All experiments

leading to polycrystalline layers on sapphire globally fol-

low this trend with small variations (presence of non-polar

{1–100} or polar (0001) plane also) not easily correlated

with any process parameter. The main orientation for

polycrystalline growth on sapphire is always h10–11i.
Preceding studies on graphite as substrate [44, 45] (poly-

crystalline growth) report a wider variety of orientations

and a temperature dependency of the main crystalline

orientation.

Figure 5 illustrates the effect of N/Al ratio in the gas

phase at constant low growth rate and constant thickness

(T = 1,500 �C). It is worth noting that the supersaturations

used here are low (Log10 b\ 0.7). All the experiments

have led to epitaxial growth with FWHM of the grown

layers ranging from 327 to 5,011 arcsec, with AlN (0001)//

sapphire (0001) and AlN h10–10i//sapphire h11–20i crystal

relationships. The dependency of FWHM to any process

parameter is not obvious. The lowest values of FWHM

have been observed for N/Al = 1.5 and 15 in the gas

phase, essentially due to a better adherence of the AlN

layer to the sapphire substrate for N/Al = 15. The mini-

mum for N/Al = 1.5, as the layer is locally detached from

sapphire, seems to originate from optimal local conditions

only. The two last experiments of the set are assessing the

following: (1) the quality of a low-temperature (1,200 �C)

protective layer grown at very low growth rate (1 lm h-1)

for a low N/Al ratio of 3 since other N/Al ratios led to

polycrystalline layers, and (2) the subsequent growth at

high temperature (1,500 �C) for a low N/Al ratio of 1.5.

The main issue during this set of experiments which led to

the synthesis of AlN single-crystal layers was to stabilize

the AlN/sapphire interface that undergoes severe etching

under hydrogen and high temperatures, degrading the AlN

crystal quality [43, 46].

The lowest misoriented layer (FWHM of 327 arcsec)

was a 4 lm AlN layer obtained at 1,500 �C, at a growth

rate of 3.22 lm h-1 and N/Al of 1.5. This layer was grown

on a thin 170 nm protective layer of AlN deposited at

1,200 �C, at a growth rate of 1 lm h-1 for a N/Al ratio of 3

in the gas phase.

3.3 Experimental domain of epitaxial growth

We will now summarize the influence of each parameter,

namely the growth rate, temperature, surface supersatura-

tion, surface N(S)/Al(S), and N/Al ratio in the gas phase on

the crystalline state (epitaxial or polycrystalline) of the

deposited AlN layer (the crystal quality of epitaxial layer is

another issue not treated here).

Figure 6 presents the plot of N(S)/Al(S) surface ratio

versus the N/Al ratio in the gas phase. These two param-

eters are completely correlated, and their evolution con-

firms that the Al containing species is controlling the

growth in all of our experiments [The surface is covered

with N(S) waiting for Al containing species]. Even for

N/Al = 0.75, the surface kinetics of NH3 is faster than that

Fig. 6 Dependency of the N(S)/Al(S) ratio versus the N/Al ratio in

the gas phase

Fig. 7 N/Al ratio in the gas phase versus experimental growth rate
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of AlCl3, leading to a N(S)/Al(S) close to 1. This trend is

shown on Fig. 6.

According to Fig. 6, the rate limiting the AlN growth is

the aluminum containing species kinetic (in HVPE condi-

tions and according to our simplified kinetic scheme).

Consequently, N(S)/Al(S) ratio and N/Al ratio are not

independent parameters of our study. For sake of clarity,

only the N/Al ratio in gas phase will be now presented.

Figure 7 presents a plot of the experimental growth rate

versus the N/Al ratio in the gas phase for epitaxial and

polycrystalline layers.

There is no clear correlation between epitaxial growth

and N/Al ratio in the gas phase, but the AlN quality is

clearly linked to the growth rate. However, at N/Al ratio of

1.5 in the gas phase, the process conditions leading to

epitaxial growth seem to be broader in terms of range of

growth rates. Clearly, the N/Al ratio parameter is not of

prime interest for growing epitaxial AlN layers, but seems

to play a role in the fine tuning of crystal quality. The

optimum in crystal quality empirically observed at

N/Al = 1.5 at 1,500 �C and 3 at 1,200 �C is not correlated

to any particular local growing conditions. It could be

emphasized that for these ratios, the surface diffusivity of

absorbed species (not computed in our simple modeling) is

related to the minimization of stacking faults during the

AlN lattice growth.

Figure 8 represents the supersaturation versus the

experimental growth rate for epitaxial and polycrystalline

layers.

Figure 8 clearly allows defining of a process window

where growing parameters lead to epitaxial growth of AlN

on c-plane sapphire. This window ranges from relatively

high supersaturation at low temperature, but very low

growth rates to low supersaturation and growth rates as

high as 10 lm h-1 (at high temperatures). This indicates

that there is perhaps a way of improvement in term of

higher growth rates of epitaxial layers by decreasing fur-

ther the supersaturation (i.e., increasing the temperature).

However, these conditions correspond also to the begin-

ning of strong etching phenomena, both for AlN [47] and

sapphire [48]. It is not sure that this area can be reached in

high-temperature HVPE, mainly due to HCl by-product

formation and H2 etching.

As supersaturation is essentially dependent on temper-

ature due to the exponential relationship between ‘‘AlN

vapor pressure’’ and temperature, a simple way of plotting

all our experiments could be to represent directly the

experimental growth rate versus the growth temperature, as

represented in Fig. 9. This figure allows defining a similar

process window such as Fig. 8, showing that low-temper-

ature epitaxial layers can be grown at very low growth rate

and that high growth rate epitaxial layers can be reached

only at high temperatures, whatever the N/Al ratio. It can

be optimistically emphasized from this figure that the

maximal growth rate that can be reached at 1,500 �C could

be as high as 25 lm h-1 and at 1,600 �C could be around

70 lm h-1, if no etching reactions occur. Growth rates as

high as 57 lm h-1 at 1,450 �C and N/Al of 4 have been

reported in another apparatus with similar process condi-

tions [49].

3.4 Limitations of the numerical modeling

to understand AlN epitaxial growth

Crystal quality is linked to high diffusion length of adatoms

and low incorporation rate (so high temperature, low

supersaturation). The numerical modeling proposed here

does not take into account the surface diffusion mecha-

nisms, essentially due to a lack of data in the literature.

Fig. 8 Surface supersaturation versus experimental growth rate
Fig. 9 Experimental growth rate versus growth temperature
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The only striking result of this modeling is that contrary

to what is classically stated for III–V epitaxy, the III-

compound containing species (AlCl3 and AlCl2NH2 here)

have a relatively low apparent sticking coefficient (at most

0.013 for AlCl3 and 0.056 for AlCl2NH2 at 1,500 �C in our

modeling). As gas-phase aluminum species seem to have a

poor affinity with the growing surface (due to steric hin-

drance or species stability), their surface diffusion length

could be high compared to other III-compound or other

aluminum precursors.

During III–V epitaxial growth, the III–V ratio is clas-

sically kept to a high value to force a kinetic regime limited

by a III-compound. This allows increasing the diffusion

length of Al adatoms. This condition is clearly not neces-

sary in the case of AlN epitaxial growth in HVPE condi-

tions where the relatively poorly reactive AlCl3 precursor

is the main gas species for aluminum.

4 Conclusion

This study presents a numerical modeling of AlN growth

by high-temperature-HVPE which comprises a relatively

limited number of chemical reactions. This modeling was

experimentally validated within a broad range of process

parameters (temperature, N/Al ratio in gas phase). More-

over, this study permitted the calculation of various local

parameters such as the surface site ratio and the local

supersaturation during AlN growth. On the basis of

numerical results, sets of experiments have been designed

to assess the influence of N/Al ratio in the gas phase at

constant supersaturation on the growing AlN surface or at

constant AlN growth rate.

In one hand, it appears that the N/Al ratio or [N(S)/

Al(S)] is not of prime importance to explain the occurrence

of epitaxial growth of AlN on sapphire. However, it has to

be carefully controlled to enhance the crystal quality when

epitaxial growth is obtained. It was found that (1) a value

of N/Al = 1.5 in the gas phase is optimal to regrow AlN on

AlN templates at high temperature and (2) a value of N/Al

of 3 in the gas phase is necessary to grow a low-temper-

ature protective layer. The simulated local conditions do

not explain these ratios.

On the other hand, simple plots representing growth

rate–supersaturation versus temperature clearly exhibit a

process window where epitaxial growth could occur. As

expected, high epitaxial growth rates need low supersatu-

ration or high temperatures. Simple extrapolations indicate

that the domain of improvement in epitaxial growth rates

on sapphire is not so wide, due to the fast decomposition of

sapphire and AlN at temperatures above 1,500 �C in

hydrogen.

Mass transport simulation and theoretical chemistry

were used to design sets of experiments. However, the lack

of clear macroscopic relationship (except the well-estab-

lished supersaturation/quality) between process conditions

and crystal quality let us to think that at least another

parameter plays a key role. It appears that the chemical

stability of the interface AlN/sapphire during the first steps

of growth is of prime interest compared to the thickening of

the layer which is less sensitive to growth conditions. This

primary step is also sensitive to N/Al ratio, but its depen-

dence is still not clear. Use of such modeling for the design

of experiments is an interesting tool and has to be pursued.

The knowledge of local parameters near the growth surface

which are reactor-independent could also be used in the

development of new reactor configuration.
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