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Abstract—The “quenching” technique was used to investigate the initial stage of the formation of a terrace-
step nanostructure on the R-cut surface of sapphire crystal upon high-temperature annealing in air. The mor-
phological features of the formation of A- and R-sapphire planes are experimentally shown in dependence on
the misorientation direction and qualitatively interpreted with allowance for the surface energy density for the
main sapphire faces. The possibilities of forming AlN layers on the R-sapphire surface with a terrace-step
nanostructure under thermochemical effect and high-temperature substrate annealing in a mixture of nitro-
gen and reducing gases are considered.
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INTRODUCTION
In view of the development of nanotechnologies,

the interest of researchers in crystalline substrates with
ordered surface nanorelief rapidly increases. These
substrates are widely applied in various fields: epitaxial
technologies [1, 2], deposition of supramolecular
composites [3] and phthalocyanines  [4], and forma-
tion of ordered nanocrystal arrays [5–9]. One of the
main materials for crystalline substrates is sapphire
due to its chemical and mechanical properties.
Despite the existence of numerous studies [10–12] on
the formation of terrace-step nanostructures (TSNs)
on crystalline sapphire (α-Al2O3) substrates, there are
no data on the initial stages of step nucleation and the
dependence of their morphology on the misorienta-
tion direction and initial substrate surface roughness.
On the whole, the data on the TSN formation for
A{11 0}-, C{0001}-, and R{10 2}-cuts, obtained by
different researchers, are often contradictory. In addi-
tion, the relationship between the TSN morphology
for sapphire A-, C-, and R-cuts and the specific sur-
face energy of faces, which is determined by their
atomic structure, is sometimes disregarded. A simula-
tion of the sapphire crystal surface energies and a com-
parison of the simulation results with experimental
data were performed in [13, 14]. The following

sequence of minimum surface energy values (normal-
ized to area) was obtained:

С{0001} < R{10 2} < А{11 0} < M{10 0}. (1)

According to these results, the presence of faces
with a lower specific surface energy may significantly
hinder the formation of an ordered TSN, e.g., may
lead to faceting [15]. Specific features of the TSN evo-
lution on sapphire C-cuts were considered in detail in
[16]. In this study, we investigate the processes of TSN
formation and evolution on sapphire R- and A-cuts.

R-Cut sapphire substrates subjected to chemical
mechanical polishing (CMP) are generally used in the
silicon-on-sapphire epitaxy [17], because this cut has
a fourfold pseudosymmetry. However, a preliminary
thermal treatment of R-cut sapphire substrates with
the formation of atomically smooth TSNs on their
surface can be used as an important preliminary stage
in epitaxy. The TSN height on the R-cut sapphire sur-
face was estimated in [18] using layer-by-layer moni-
toring of the growth of aluminum oxide films by
analyzing the intensity oscillations for diffracted elec-
tron reflections (high-energy electron diffraction
(HEED)). The island height was found to be about
0.34 nm [18]; this value can be considered as the min-
imum TSN height for the R-cut. At the same time,
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Fig. 1. Schematic diagram of directions for sapphire R-cut.
Arrows and signs indicate possible R-cut misorientation
via rotation around the [11 0] axis in the negative or posi-
tive direction.
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according to (1), ordered steps can be faceted by the
C{0001} basal plane under certain conditions.

A-cut sapphire was successfully applied in [15] for
the epitaxy of (111) indium oxide–tin (ITO) films.
The minimum step height for the A-cut, calculated
from structural data, was reported in [18, 19]; it is
equal to the parameter a/2 of the sapphire structure
(about 0.24 nm). In correspondence with (1), an
ordered TSN formed on the A-cut can be faceted by
the С{0001} and R{10 2} planes.

We believe TSN-containing sapphire C- and R-cuts
to be promising in the epitaxy of aluminum, gallium,
and indium nitrides. One can obtain both polar and
nonpolar AlN films based on these substrates. A tech-
nique of thermochemical nitridation at 1450°C was
proposed in [20, 21] to grow AlN films. An application
of this technique in nitridation of sapphire C-cuts was
demonstrated in [22]; it was shown that heteroepitax-
ial ZnO films deposited on a nitrided surface of sap-
phire C-cut have a higher structural quality than those
formed on sapphire. In this paper, we report the results
of applying thermochemical nitridation of sapphire
R-cuts to grow nonpolar AlN films.

EXPERIMENTAL
Sapphire С-, R-, and A-cuts subjected to CMP

were used as substrates [23]. To form TSNs on the sur-
face of substrates, the latter were annealed in air at
temperatures of 1100–1400°C [11, 16]. The “quench-

1
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Fig. 2. AFM images of a TSN on a rhombohedral sapphire pl
1100°C, respectively; and (d, e) after 1-h annealing at 1100 and 1

(а) (b) (c)
ing” technique [16] was used, which implies annealing
of samples for 20–30 min with subsequent sharp cool-
ing. Sapphire R-cuts were nitride at the Institute for
Single Crystals, National Academy of Sciences of
Ukraine, according to the technique described in [22].
The phase composition and orientation of crystallites
in aluminum films after nitridation were determined
using reflection HEED (electron diffractometer EMR
102, accelerating voltage 75 kV). The film surface mor-
phology was investigated by atomic force microscopy
(AFM) on an Ntegra Aura microscope (HT-MDT,
Zelenograd) in the topography mode. Microscopic
images of cuts were obtained by scanning electron
microscopy (SEM) on a Helios electron microscope
(FEI, United States) according to the conventional
technique.

RESULTS AND DISCUSSION

Sapphire R-Cuts

To visualize the morphological transition from ini-
tial unformed steps to an atomically smooth structure,
we chose sapphire R-cuts with a minimum step height
of 0.34 nm. The misorientation direction was set (as
in [24]) by negative rotation around the [11 0] axis
(Fig. 1) by an angle of 0.2°, because no faceting was
observed by the authors at this misorientation.

The AFM surface images recorded in different
recrystallization stages are shown in Fig. 2. The step
height and terrace width in all stages was maintained at
levels of 0.36 and 100 nm, respectively. To gain insight
into the observed processes, it is necessary to take into
account the transport mechanisms for individual
atoms (molecules or aggregates), implemented both
via diffusion over the surface and through the crystal
bulk (according to the evaporation–condensation
scheme). The former mechanism appears to be most
likely for sapphire plates.

According to the AFM data (Fig. 2), pronounced
diffusion processes in sapphire surface layers start
being activated at temperatures above 1000°C, which
is quite natural from the point of view of classical ther-
modynamics. The effect of reduced melting tempera-
ture in thin layers is well known [25–30]. The Tam-
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ane: (a) after CMP; (b, c) after 20-min annealing at 1050 and
400°C, respectively; the image size is 700 × 700 nm2.
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mann temperature (TT) is generally used to estimate

roughly the onset of structural changes [31]:

TT ≈ 0.3–0.5T0, (2)

where T0 = 2040°C is the sapphire melting tempera-
ture.

The vibrational spectrum of atoms on the crystal
surface differs from the bulk spectrum. The vibrational
amplitude of the surface atoms always exceeds that of
the bulk ones. It was established that the Debye tem-
perature TD (at which all vibrational modes in solid

become excited) of many metal and semiconductor
single crystals decreases by half for the surface phase
[32]. For sapphire, TD = 750–770°C [33]; at tempera-

tures below this value one might expect significant
weakening of the elastic harmonic forces on the sap-
phire crystal surface.

Note that formula (2) does not take into account
the case where the system is limited by a surface with
energy comparable with the bulk energy. These condi-
tions may reduce the melting temperature for the sur-
face layers of crystal. Under these conditions the sys-
tem tends to reduce its surface energy. This can be
done by minimizing the surface area via melting. In
this case, the melting temperature in the surface layers
may be much lower than that of bulk crystal sapphire.
With allowance for this possibility, formula (2) should
take, according to [25], the following form:

(3)

where Tm–d is the temperature of solid–liquid phase
transition; σs and σl are the surface energies; As and Al

are the surface areas of the solid and liquid phases,
respectively, ΔH is the heat of fusion at the thin-film
melting temperature T; and V is the volume of the sys-
tem.

Since a crystal undergoes melting when its surface
energy decreases to some value characteristic of this
crystal [34], the following inequality holds true: σs >

σl. A dependence of Tm–d on the decrease in the sur-

face area of the system at the phase transition also fol-
lows from (3). Being polished, the crystal surface
becomes inhomogeneous: a deeper layer of higher
structural quality is coated by a looser damaged layer
up to few angstroms thick. This structure can be pre-
sented as a loose aluminum oxide layer coating a sap-
phire substrate. The surface area of the loose layer
multiply exceeds the corresponding area of atomically
smooth crystal surface. Therefore, the σsAs value may

be many times larger than σlAl. In correspondence

with (3), this should lead to a significant decrease in
the melting temperature for sapphire surface layers of
angstrom thickness with a minimum volume V. How-
ever, melting regions have not been observed on sap-
phire surface upon high-temperature (above 1000°C)
annealing in diffraction studies. Nevertheless, accord-
ing to the AFM data (Fig. 2b), a two-dimensional
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“liquid-like” phase arises. Presumably, heating a loose
sapphire surface layer to 1050°C leads to the formation
of “liquid-like” regions; the driving force of this
order–disorder transition is the tendency of the sys-
tem to lowering the surface energy. Pronounced “sub-
melting” starts with the loosest regions (exterior angles
of edges) and propagates towards the interior step
angles. On the assumption that there is a loose
homoepitaxial aluminum oxide layer on the sapphire
surface, the substrate is not inert; therefore, dispersion
into individual clusters does not occur. The total sur-
face energy of the system decreases due to the growth
of “liquid-like” phase, which shifts equilibrium
between the “liquid-like” and solid phases to higher
temperatures. Such a large amount of material cannot
exist in the liquid-like phase at this temperature;
therefore, simultaneous crystallization starts easily
(because no energy should be spent on the interface
formation) (Fig. 2b) [35]. Heating at 1050°C for 1 h
would lead to the final formation of an atomically
smooth crystal structure, which was observed by other
researchers. In the case under consideration, the pro-
cess was “frozen” due to the sharp cooling of the sys-
tem, and the “liquid-like” phase underwent solidifi-
cation in the potential crystal field (Fig. 2b). This pat-
tern is confirmed by the AFM data on the sapphire
surface annealed at a higher temperature: 1100°C
(Fig. 2c). In this stage, crystallization is almost com-
plete, with formation of atomically smooth steps hav-
ing diffuse boundaries. When visualizing steps by the
phase contrast method, one can see that the recrystal-
lization occurs (Fig. 3) from the reentrant angle
towards the step plateau edge.

Upon further annealing at 1100°C and higher tem-
peratures, after the step formation, the key role is
played by diffusion flows along the surface, which
exponentially increase with temperature in correspon-
dence with the Arrhenius formula

DS ~ exp(–EA/kT), (4)

where EA is the surface diffusion activation energy
(energy-barrier height). As can be seen in Fig. 2d, the
atoms diffusing along the surface tend to rectify a step,
i.e., reduce its length and kink density. Annealing at
1400°C does not lead to further coarsening of steps
(Fig. 2e); on the contrary, it deteriorates their mor-
phology. At high temperatures sapphire surface may
also degrade (Fig. 4a), with conservation of step height
at a level of about 0.36 nm.

In the case of R-cut misorientation along the

[11 0] direction, a TSN may be faceted by the basal
plane, which, according to [13, 14], has the least spe-
cific surface energy. We chose supersmoothly polished
samples of R-cuts misoriented up to 0.5° with respect

to the [11 0] direction. A study of the annealing of
these plates at a temperature above 1200°C demon-
strated the formation of a nanorelief faceted by the
basal plane (Fig. 4b). This specific feature of R-cuts
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Fig. 3. AFM images of a TSN on a sapphire R-cut after
CMP and annealing (1100°C, 20 min): (a) topography and
(b) phase contrast. 
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Fig. 4. (a) AFM image of a sapphire R-cut with a TSN
misoriented in the negative direction around the [11 0]
axis (Fig. 1) after annealing at 1400°C. (b) AFM image of
the sapphire R-cut along the [11 0] direction after anneal-
ing at 1200°C. The inset shows a fragment of an individual
step. 
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must be taken into account when choosing plates for
epitaxy.

Sapphire A-Cuts

When TSNs are formed on sapphire A-cuts, in cor-
respondence with (1), there may be a problem of their
faceting by sapphire R- and C-planes due to their
lower surface energy. Most likely, one can obtain an
ordered TSN with pronounced directionality by set-
ting misorientation with respect to the [0001] direction
(Fig. 5).

We prepared sapphire A-cut plates with rough-
nesses of about 0.2 and 0.3 nm and identical misorien-
tation with respect to the C-plane direction (about
0.2°) for experiments (Fig. 6). Steps become pro-
CRYSTALLOGRAPHY REPORTS  Vol. 63  No. 2  201
nounced at a temperature of 1100°C; their height is
0.25 nm, a value close to the half lattice parameter a/2
[18, 19] of the sapphire structure. As can be seen in
Fig. 6, the step height does not increase during anneal-
ing to 1400°C. However, the TSN morphology
depends strongly on the initial roughness of sapphire
plates subjected to CMP (Figs. 6a, 6b). With an
increase in roughness, TSNs acquire a hillock-like
structure.

The morphology of TSNs formed on sapphire
A-cut plates changes significantly at random misori-
entation with preferred deviation of the normal to
the A plane towards the M-plane direction (Fig. 6c).
8
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Fig. 5. Schematic diagram of directions for sapphire A-cut.
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The surface acquires a faceted microrelief at 1200°C;
the corresponding TSN (Fig. 6c) is an intermittent
structure of steps faceted by A and M planes, which is
crossed by faces with C and R orientations.

Formation of AlN Films on Sapphire R-Cuts with TSNs
The surface state of R-cut sapphire plates radically

changes with a change in the high-temperature
annealing atmosphere; i.e., when air is replaced with a
mixture of nitrogen and reducing gases. According to
the AFM (Fig. 7a), SEM (Fig. 7b), HEED (Fig. 7a,
inset), and X-ray diffraction data, a continuous single-
crystal AlN film with a hexagonal wurtzite-type struc-
ture is formed on an R-sapphire substrate after ther-
mochemical nitridation. Indexing of diffraction data

shows that the nonpolar (11 0) face of the AlN film is

oriented parallel to the (10 2) plane of the sapphire
substrate. No additional reflections (due to domains
and twins) are observed in this case. Electron micros-
copy reveals a clear interface between the AlN film
with a thickness of about 300 nm and the substrate
(Fig. 7b). The film has a mosaic structure: one can
observe individual single-crystal AlN blocks with lat-
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CR

Fig. 6. (a, b) AFM images of a TSN on a sapphire A-cut misorien
ing at 1400°C; the initial plate roughness is about (a) 0.2 and (
A-cut after annealing at 1200°C. 
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eral sizes of 100–200 nm. The film mosaicity is also
evidenced by some broadening of diffraction reflec-
tions in the electron diffraction pattern (Fig. 7a). It is
also noteworthy that block boundaries coincide with
steps on the sapphire surface (Fig. 7b). Single-crystal
AlN blocks in the film are associated with individual
atomically smooth terraces on the sapphire surface.
Most likely, TSNs play a key role in the surface nitri-
dation: since diffusion is facilitated on step edges, they
serve as formation sites for new phase nuclei. Note that
the TSN observed on the sapphire substrate surface
(Fig. 7b) was formed during its thermochemical nitri-
dation as a result of etching in reducing medium at
high temperature (1450°C) [36].

An AlN film nucleates on the R-sapphire face
during thermochemical nitridation of Al2O3 on the

surface according to the reaction [20]

(5)

and the rate of further growth of AlN film is limited by
the rates of nitrogen diffusion to the AlN–Al2O3 inter-
face and oxygen diffusion to the AlN–gas medium
interface.

The epitaxial relationship (11 0)〈1 00〉AlN ||

〈1 10〉Al2O3 (Fig. 8) is due to the positional

similarity of the sites of both lattices in the (11 0) AlN

and (10 2) Al2O3 planes. Sites of both lattices have an

almost square arrangement with a lattice parameter of
0.5 nm. The parameter mismatch for these rectangles
is much smaller than the mismatch between the AlN
and Al2O3 lattices for other versions of mutual orienta-

tion of lattices in epitaxial growth of these crystals [20].
We should also take into account that, according to

+ +
= +
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ted with respect to the C-plane direction, after CMP and anneal-
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Fig. 7. (a) Two-dimensional AFM image of the surface and (b) an SEM image of the interface for the film (11 0) AlN || (10 2)
Al2O3. The insets show (a) an HEED pattern of this film and (b) an arbitrary area of the film interface on enlarged scale. Arrows
indicate block boundaries. 
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reaction (5), AlN is formed from Al2O3 by exchanging

anions with the gas medium, whereas cations remain

in the solid phase. Based on this consideration, one

can suggest that, starting with the nucleation onset,

the crystalline AlN film is strictly oriented with

respect to the R plane of Al2O3 crystal. Despite the fact

that a model of AlN film formation during solid-phase

transformations at thermochemical nitridation of sap-

phire surface was reported in [20], the study in this

field should be continued.
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Fig. 8. Gnomostereographic projection of AlN film on
(10 2) Al2O3.
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CONCLUSIONS

The quenching technique and AFM were used to
investigate the initial stage of TSN formation on the
sapphire R-cut surface. A mechanism taking into
account the decrease in the melting temperature for a
loose material layer with a high specific surface energy
and the formation of a liquid-like precipitate was pro-
posed. An ordered TSN with steps of 0.36 nm in
height, which do not grow upon heating to a tempera-
ture of 1400°C, was found to be formed on sapphire
R-cuts misoriented by an angle of 0.2° with respect to

the [11 0] axis (negative rotation in Fig. 1). A nanore-
lief faceted by the basal plane is formed on the sap-

phire R-cut misoriented with respect to the [11 0]
direction and annealed at a temperature above
1200°C. A TSN with a step height of 0.25 nm is formed
on A-cut plates misoriented with respect to the C-plane
direction by an angle of 0.2° after annealing at a tem-
perature of 1100°C; the steps of this TSN do not grow
during annealing to 1400°C. The TSN morphology
depends strongly on the initial plate roughness after
the CMP stage; the TSN acquires a hillock-like struc-
ture with an increase in roughness. In the case of ran-
dom misorientation of A-cut sapphire plates with pre-
ferred deviation of the normal to the A plate towards
the M-plane direction, the surface acquires a faceted
microrelief at 1200°C. The observed specific features
of TSNs and their high-temperature evolution on dif-
ferent cuts were qualitatively interpreted taking into
account the data on the surface energy density for the
main sapphire faces. These features for sapphire A-
and R-cuts must be taken into account when choosing
plates for epitaxy. SEM was used to investigate the

interface for AlN films of nonpolar (11 0) orientation,
formed by thermochemical nitridation on sapphire
substrates with an ordered TSN.
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