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Abstract—This paper is devoted to the study of the nitridation of unreconstructed and reconstructed (ﬁ X

J31)R £ 9° (0001) sapphire surfaces in an ammonia flow by reflection high-energy electron diffraction
(RHEED). The experimental results show that sapphire nitridation occurs on the unreconstructed (1 x 1)
surface, which results in AIN phase formation on the substrate surface. However, if sapphire nitridation is pre-
ceded by high-temperature annealing (1150°C) resulting in sapphire surface reconstruction with formation

of the (ﬂ x 31 )R £ 9° surface, the crystalline AIN phase on the sapphire surface is not formed during

surface exposure to an ammonia flow.
DOI: 10.1134/S1063782615070180

1. INTRODUCTION

In connection with development of the optoelec-
tronics industry, materials for the creation of highly
reliable devices operating in a wide optical range are
constantly being sought for [1]. Therefore, Group-111-
nitride compounds are currently attracting more and
more attention. Group-III nitrides are direct-gap
semiconductors with various band gaps: 0.7 (InN), 3.4
(GaN), 6.2 (AIN) eV [2, 3]. AlGaN alloys span the
near and far ultraviolet (UV) wavelength ranges; the
use of InGaN-based compounds allows the develop-
ment of light-emitting devices of the visible region.
Therefore, Group-III nitrides are actively used in the
development of light-emitting diodes, laser diodes,
and UV photodetectors [4—6]. In addition to opto-
electronic devices, Group-III nitride-based structures
are also used in microwave electronics. Due to the
pronounced polarity of Group III nitride compounds,
spontaneous polarization, and the piezoelectric effect
at the AIGaN/GaN heterojunction interface, a high
concentration of two-dimensional electrons appears,
which makes the structures with AlGaN/GaN hetero-
junction attractive for developing transistors. The high
thermal stability and high breakdown fields make
Group-III nitrides attractive in high-temperature and
high-power electronics [7].

The most commonly used methods for fabricating
GaN-based heterostructures are metal—organic chemi-
cal vapor deposition (MOCVD) and molecular-beam
epitaxy (MBE), more precisely, ammonium MBE and
MBE with nitrogen plasma activation. Since bulk

GaN single-crystal production is a technologically
complex and expensive process, a problem associated
with the lack of native commercial substrates arises.
Other substrates such as sapphire, Si, and SiC are used
to form GaN epitaxial layers. The smallest lattice-
parameter mismatch with GaN is inherent to SiC.
A mismatch of ~3% and high thermal conductivity
make SiC substrates very attractive for microwave and
high-power electronics. However, a band gap compa-
rable to that of GaN band excludes application of the
substrate in the UV region, and the high cost limits
application of the substrate in the commercial produc-
tion of light-emitting devices of the visible region. Sil-
icon substrates are promising due to the possibility of
integrating nitride technology with developed silicon
technology. However, the small band gap of Si leads to
additional technological operations associated with
the necessity of substrate removal in the case of optical
applications, and the significant differences in lattice
parameters and thermal expansion coefficients cause a
number of difficulties in the fabrication of high-qual-
ity films. Sapphire substrates are transparent in the UV
and visible regions, thermally stable, and possess suffi-
ciently high thermal conductivity. Therefore, sapphire
is the most commonly used substrate for growing
Group-III nitride-based heterostructures for opto-
electronic devices and transistors.

To match the parameters of Group-III nitride and
sapphire lattices to the Al,O; surface, a thin crystalline
AIN layer is formed. The initial crystalline AIN phase
on the Al,O; substrate is usually formed by exposing
the heated substrate to an active nitrogen flow. This
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process referred to as “nitridation” depends on the
form and flow of active nitrogen and the substrate tem-
perature [1, 3, 8—14]. During nitridation, an AIN
phase with AIN-cell rotation by 30° with respect to the
Al,O; cell is formed on the sapphire surface, which
finally results in an effective lattice-parameter mis-
match of 13%. The Al,O; surface is reconstructed

upon heating to 1000—1200°C, and the (/31 x

J31)R + 9° reconstruction appears [15, 16]. The
reconstruction is characterized by the formation of
structures on clean single-crystal surfaces, whose unit
cell has a period different from that in the crystal bulk
(in planes parallel to the surface) and usually exceed-
ing it by several times [17]. Agnarsson et al. [1] assert
that the AIN phase is not formed at all on the unrecon-
structed Al,O; surface, whereas nitridation occurs

efficiently on the surface with the (/31 x +/31)R+9°
superstructure. The mechanism of this phenomenon

was not conclusively identified. The (ﬁ x 31 JR+9°
reconstruction was studied in a number of works by
atomic-resolution atomic-force microscopy and
small-angle X-ray diffraction [18—23]. Models of the
reconstructed surface were proposed based on the fact
that the sapphire surface is enriched with metal alumi-
num at high temperatures. For example, it is argued
that two additional Al planes are formed on the surface
due to the decomposition of two surface layers and
oxygen desorption, whose structure is close to the
(111) planes of the cubic aluminum single crystal [18—
20, 23]. In this case, it is reasonable to expect that the
reconstruction promotes nitridation due to the high
chemical activity of metal aluminum; however, studies
of the effect of the reconstruction on nitridation are
very small in number. Furthermore, despite the large
number of publications describing the study of nitrida-
tion by various methods, there are still contradictory
data on methods of the pre-epitaxial preparation of
sapphire substrates and nitridation conditions. There-
fore, the objective of this work is to study the mecha-
nism of the interaction of ammonia with recon-
structed and unreconstructed sapphire surfaces.

2. EXPERIMENTAL

Experiments for studying nitridation were carried
out using a Riber CBE-32N(P) MBE setup equipped
with a gaseous ammonia source. The experiments
were performed using “epi-ready” (0001) sapphire
substrates 50 mm in diameter. A molybdenum layer
was deposited onto the rearside of the substrates, since
the samples were heated during MBE by thermal radi-
ation from a heater, which was a tantalum spiral placed
into a pyrolytic boron-nitride mould. The substrates
were preliminarily cleaned by annealing in a loading
chamber at a temperature of 900°C in the residual
atmosphere at a pressure of (2—5) x 10~8 Torr. The sur-
face temperature was measured using an Ircon pyrom-
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eter (single-color intensity pyrometer). As the nitro-
gen source, ultra-pure grade 99.999 ammonia was
used. Ammonia was fed to the chamber using auto-
matically controlled pneumatic valves. The NH; flow
rate to the growth chamber was set using a BronkHorst
regulator in the range of 0—400 sccm.

Information about Al,O; surface reconstruction
and sapphire nitridation was obtained in situ using
reflection high-energy electron diffraction (RHEED)
with an electron energy of 11 keV. The electrons were
incident on the surface at a grazing angle of ~(1—3)°.
After interaction with the crystal, electrons in the form
of diffraction beams arrived at a luminescent screen.
The diffraction pattern displayed on the luminescent
screen was recorded by a chamber representing a
charge coupled device (CCD camera). Diffraction-
pattern variation and reflection-intensity redistribu-
tion on the unreconstructed and reconstructed Al,O;
surfaces were observed during the experiment. Since
sapphire is an insulator with a band gap of E, x 9.5 eV,
charge is accumulated on the surface upon exposure to
the electron beam (when using the RHEED method),
which affects the quality of the measured experimental
data. To decrease the effect of charging, the study was
performed on samples with a thin molybdenum
layer 0.15 pm deposited onto the front side of the
(0001) sapphire substrate, except for a region in the
center 4.5 mm in diameter (Fig. 1). The deposition of
metal onto the substrate surface caused a charge
decrease on the sapphire area under study.

The sapphire surface was analyzed before and after
substrate exposure to ammonia. The first part of the
experiment consisted in comparison of the diffraction
patterns with the aim of revealing the crystalline AIN
phase after substrate exposure to ammonia. To obtain

the reconstructed surface (Jﬁ X Jﬁ )R £ 9°, the
samples were heated to 1150°C. The unreconstructed
and reconstructed surfaces were exposed to an ammo-
nia flow rate of 25 sccm for 30 min at a temperature of
840°C. The second part of the experiment consisted in
filming by the CCD camera from the luminescent
screen under conditions of continuous and steady
rotation of the substrate. Such rotation makes it possi-
ble to observe many reflections under various non-
equivalent diffraction conditions, to detect the possi-
ble redistribution of their intensities, and in general to
reveal a larger number of changes in the diffraction
patterns which may occur during sapphire-surface
nitridation. The films with diffraction patterns were
processed by measuring the intensity for certain sta-
tionary small image areas (e.g., 10 x 10 pixels), while
the complete diffraction pattern continuously varies
during rotation. Fixed areas were chosen so that the
diffraction reflection of interest to fall would fall
within a chosen area at certain azimuthal positions.
The initial film frames were chosen so that the diffrac-
tion patterns would correspond to identical azimuthal
positions of the samples.
SEMICONDUCTORS
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Fig. 1. (a) (0001) sapphire substrate with a molybdenum layer 0.15 pm thick deposited onto the front side, except for the central

area 4.5 mm in diameter and (b) its view in a heated state.

(@)

ALLO;

(b)

Fig. 2. Diffraction patterns with (a) sapphire reflections before nitridation and (b) nitride phase reflections after nitridation.

3. EXPERIMENTAL RESULTS

Figure 2 shows the diffraction patterns with reflec-
tions from the unreconstructed sapphire surface (a)
before and (b) after nitridation at identical azimuthal
positions. When comparing these images, it can be
noted that the 01 and 02 reflections of unrecon-
structed sapphire after nitridation almost completely
vanished, and the 01 reflection of crystalline alumi-
num nitride appeared near the 03 reflection.

Experimental data about the AIN and Al,O; reflec-
tion intensity, obtained by processing the 01 AIN and
02 Al,O; reflections, i.e., an increasing time depen-
dence of the aluminum-nitride reflection intensity
and the sloping time dependence of the sapphire
reflection intensity at a constant nitridation tempera-
ture of 840°C and an ammonia flow rate of 25 sccm,
are shown in Fig. 3.

To explain the phenomena of the nitridation of the
unreconstructed sapphire surface, the following sche-
matic of processes on the substrate surface was pro-
posed (Fig. 4): during heating of the Al,O; substrate,
aluminum on the surface is partially reduced to AlO
[15]; the dissociative chemisorption of NH; occurs
during nitridation. Adsorbed radicals recombine at the
surface with the formation of nitrogen and hydrogen

SEMICONDUCTORS  Vol. 49 No.7 2015
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Fig. 3. Experimental and calculated time dependences of
the reflection intensity of aluminum nitride and sapphire
at a constant temperature of 840°C in an ammonia flow
rate of 25 sccm.

molecules. The formed nitrogen molecules with very
strong interatomic bonds cannot interact with alumi-
num at such low temperatures (840°C). Simulta-
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Fig. 4. Schematic diagram of nitridation of an unrecon-
structed sapphire surface: (/—4) sequence of reactions.

neously with radical recombination, the crystalline
phase of aluminum nitride is formed.

We described the scheme for the surface concentra-
tions usingby means of differential equations: the first
equation describes the variation in the adsorbed

- ad -
ammonia (NH}") concentration on the surface for

the time #; P is the ammonia pressure; the second
equation describes the variation in the reduced alumi-
num AlO concentration on the surface, the minus sign
indicates a decrease in the AlO concentration on the
surfaces with time; the last equation describes the
AIN-phase accumulation rate. Each reaction occurs
with a certain probability defined by the kinetic con-
stants &k, k,, ks,

NH;dS _ ads ads2
d[ - }—klP(l—[NHz D-RINEET

— ks[NH5"] - [AIO],

Reaction constants as a function of the chemical reaction
type

. Activation Pre-exponen-
Chemical al £
reaction energy tial factor
E.., eV ko, 1/s
Dissociative chemisorp- —-1.5 6 x 10*
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Recombination of NH, —4.0 3x 10"
radicals
AIN phase formation -5.3 7 x 10"
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Fig. 5. Comparison of reflection intensities of an unrecon-
structed (0001) sapphire surface (/) before and (2) after

nitridation.
‘% = —k;[NH3"] - [AlO], )
% = k,[NHY*]- [AIO]. 3)

These differential equations were solved numeri-
cally with the result that the reaction constants were
determined, i.e., the activation energy E,, in other
words, the minimum energy required to be imparted
to the system to initiate the reaction, and the pre-
exponential factor k, characterizing the particle colli-
sion frequency (see table). The temperature 7 is con-
stant, 7= 910°C, ky is the Boltzmann constant,

—E, /kyT

k; = kye , i=1,2,3. “4)

At these kinetic constants, the calculated curves of
the aluminum-nitride and ammonia intensities were
constructed (Fig. 3). The coincidence of the experi-
mental and calculated AIN curves points to the accu-
racy of the kinetic constants and the plausibility of the
kinetic scheme.

The reflection intensity was measured in the sec-
ond part of the experiment, as noted above, in certain
stationary areas of the diffraction pattern. The AIN
and sapphire reflection intensities at various azimuths
passed through these areas during sample rotation.
Figure 5 shows the oscillatory dependences of the
reflection intensities of the unreconstructed sapphire
surface before and after exposure to ammonia. The
initial portions of the intensity measurements were

chosen in the [1100] directions. An increase in the
peak intensity after nitridation is associated with the
formation of AIN reflections near sapphire reflections,

SEMICONDUCTORS  Vol. 49 No.7 2015
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(b)

Fig. 6. Reconstructed (ﬁ x 31 )R x 9° (0001) sapphire surface (a) before and (b) after exposure to ammonia.

which confirms formation of the crystalline AIN phase
on sapphire. Figure 6 shows the diffraction pattern of

the reconstructed (/31 x /31 )R+ 9° (0001) sapphire
surface obtained by high-temperature annealing
(1150°C) (a) before and (b) after exposure to ammo-
nia. We can see that the diffraction pattern of the sap-
phire surface after exposure to ammonia differs in no
way from the initial one, which indicates the absence
of newly formed crystalline phases.

We can see from oscillations shown in Fig. 7 that
exposure to ammonia did not cause any reflection-
intensity redistribution; hence, no new crystalline
phase on the reconstructed sapphire surface was
formed.

These results contradict the data obtained in [1],
where the effect of the initial surface reconstruction on
(0001) sapphire-surface nitridation was studied using
low-pressure ammonia. To analyze the surface,
Agnarsson et al. [1] used reflection low-energy elec-
tron diffraction (RLEED) and electron spectroscopy
for chemical analysis (ESCA). Chemical analysis of
the surface confirmed the presence of AI-N bonds.
As the experiments [1] showed, a peak corresponding
to the AI—N chemical bond with a higher amplitude
was observed on the substrate with the reconstructed
surface. However, analysis of the diffraction patterns
obtained by the RLEED method [1] did not detect an
AIN crystalline phase on the reconstructed sapphire
surface. Thus, the exposure of reconstructed sapphire
to ammonia results in the formation of chemical
bonds, but atomic ordering does not occur in this case,
since both RHEED and RLEED do not detect AIN
reflections on the diffraction patterns. In the case of
definition of the concept of nitridation as the forma-
tion of the crystalline AIN phase exactly during expo-
sure of the heated substrate to an ammonia flow, it can
be argued that nitridation occurs efficiently on the
unreconstructed surface.

Despite the expectation of higher chemical activity
of the reconstructed (/31 x A/31)R x 9° (0001) sap-

SEMICONDUCTORS  Vol. 49 No.7 2015

phire surface (in comparison with the unreconstructed
surface), the nitridation process was not activated in
the case at hand due to surface enrichment with metal
aluminum according to the proposed models [18—20,
22, 23]. In [18], the chemical passivity of this recon-
structed surface and its stability against atmospheric
oxygen at room temperature were also indicated,
which the authors attempted to explain by the pres-
ence of Kkinetic limitations. However, it was shown in
[24] that clean Al (111) surface oxidation begins at an
exposure dose of ~60 L (the dose of 1 Langmuir corre-
sponds to the number of particles which collided with
the surface at a pressure of 10~ Torr in 1 s), and the
surface is completely covered with oxygen at a dose of
~1300 L. Certainly, the exposure dose of atmospheric
oxygen is higher by several orders of magnitude, and
the oxidation of metal aluminum should occur. The
revealed contradiction probably suggests that alumi-

Intensity, arb. units

140 ~
120
100

80 1

5 10 15 20 25 30 35 40
Time, s

Fig. 7. Comparison of reflection intensities of the recon-

structed (A/i X ﬂ )R x 9° (0001) sapphire surface
(1) before and (2) after nitridation.
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num is not completely reduced to the metal state, but
only partial reduction occurs, as expected in [15].

The stability of reconstructed sapphire to ammonia
processing can be explained assuming that nitridation
is a typical topochemical reaction. As is known, such
reactions are characterized by new phase nucleation
on lattice surface defects followed by nuclei growth.
Since surface reconstruction results from high-tem-
perature exposure to the surface, it can be assumed
that the number of primary-AIN formation nuclei in
the case of reconstruction will become much smaller
than on the unreconstructed sapphire surface. Thus,
the nitridation process is inhibited so much that
obtaining the crystalline AIN phase on the surface of
reconstructed sapphire under MBE conditions seems
complicated.

4. CONCLUSIONS

The present experiments show that efficient nitri-
dation of the (0001) sapphire surface under MBE con-
ditions requires an unreconstructed surface. To
describe the nitridation mechanism of the unrecon-
structed (0001) sapphire surface, a kinetic scheme of
the nitridation process was proposed. The studies

showed that the exposure of the reconstructed (Jﬁ X

J31)R x 9° surface does not lead to crystalline AIN
phase formation, from which it follows that the recon-
structed surface is more stable to the exposure to
ammonia.
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