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Abstract—The results of studying the state of the surface of sapphire crystals by a complex of methods in dif-
ferent stages of crystal treatment are considered by an example of preparing sapphire substrates with a super-
smooth surface. The possibility of purposefully forming regular micro- and nanoreliefs and thin transition
layers using thermal and thermochemical impacts are considered. The advantages of sapphire substrates with
a modified surface for forming heteroepitaxial CdTe and ZnO semiconductor films and ordered ensembles of
gold nanoparticles are described. The results of the experiments on the application of crystalline sapphire as
a material for X-ray optical elements are reported. These elements include total external reflection mirrors
and substrates for multilayer mirrors, output windows for synchrotron radiation, and monochromators work-
ing in the reflection geometry in X-ray spectrometers. In the latter case, the problems of the defect structure
of bulk crystals sapphire and the choice of a method for growing sapphire crystals of the highest structural

quality are considered.
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INTRODUCTION

Currently, single-crystal sapphire (o-Al,O5) is
widely used in industry as a material for substrates,
windows, laser and dispersion elements, crucibles, etc.
Sapphire substrates are used, in particular, to grow
epitaxial Si (silicon-on-saphire (SOS) structures),
GaN, InN, AIN, and GaP layers for integrated cir-
cuits; blue, green, and white light-emitting diodes
(LEDs); laser diodes; and RF transistors [1]. Sapphire
windows are also used in furnaces, vacuum systems,
fire-alarm systems, deep-water chambers, and avia-
tion technology [2, 3] (i.e., in the fields where devices

must operate under extreme conditions), as well as in
watches. Sapphire tubes and crucibles are applied in
commercial and laboratory equipment to carry out
physical and chemical processes in corrosive media
and vacuum, at high temperatures, etc. The role of
single-crystal sapphire as a laser material is also very
important: the first laser was developed using an arti-
ficial ruby crystal, i.e., a sapphire crystal containing
impurity Cr3* ions as an active element [4]. Sapphire
crystals activated with titanium ions became active
media of lasers characterized by a uniquely wide wave-
length tuning range, ultrashort pulses, and extremely
high radiation power [5, 6]. Currently, sapphire crys-
tals are considered promising materials of monochro-
mators for experiments with synchrotron radiation
beams and X-ray lasers [7, 8].

The wide application of sapphire is due to its high
technological efficiency and unique combination of
properties; some of them [9—11] are listed in Table 1.
Sapphire crystals are not dissolved in water and do not
absorb moisture from air; they are also stable to min-
eral acids (at temperatures up to 300°C) and alkali and
metal melts (up to 800°C). Along with chemical dura-
bility, sapphire crystal is characterized by high radia-
tion resistance. Among dielectric crystals, sapphire
has the highest hardness and very large values of ther-
mal conductivy, resistivity, and bulk laser damage
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SUPERSMOOTH AND MODIFIED SURFACE OF SAPPHIRE CRYSTALS 731

Table 1. Some properties of sapphire (0.-Al,O5) crystals

Tert> °C ~2040
Thermal conductivity, W-cm~! K~! 0.35 || c axis
0.33 L c axis
Thermal-expansion coefficient, 107® K=! | 5.31 | c axis
4.78 1 c axis
Density, g cm™> 3.99
Mohs hardness 9
Knoop hardness, kg mm2 2100
Optical transparency range, um 0.14—6.5
Refractive indices (at A = 0.694 um) n,=1.763
n,= 1755
Laser breakdown threshold (bulk), J cm™2 210
Resistivity (at 293 K), 10" Q cm >5
Permittivity of free space €, 10.6 || ¢ axis
8.6 L caxis
Solubility in water no

threshold. The range of optical transparency of sap-
phire crystals is rather wide: from UV to the mid-IR
range. Sapphire o-Al,O; melts congruently, has a low
saturated vapor pressure, and does not undergo any
polymorphic phase transitions upon cooling from the
melting temperature. Therefore, the most efficient
growth techniques can be used to obtain sapphire sin-
gle crystals such as the Verneuil, Czochralski, Ste-
panov, Kyropoulos—Musatov, Schmid—Viechnicki,
and Bagdasarov methods [12, 13].

Since sapphire crystals are characterized by high
hardness and chemical durability, the fabrication of
crystalline sapphire elements and details is a separate
and very important part of the technology of this
material, which includes the mechanical treatment of
the crystal surface by abrasive materials, the oriented
cutting of a crystal into preforms, and the subsequent
grinding and polishing of their surfaces [14]. In this
review we report the latest data on the state of the sur-
face of sapphire crystals in different stages of their

treatment by the example of preparing sapphire sub-
strates with a supersmooth surface. Possibilities of var-
ious modifications of the sapphire surface using ther-
mal and thermochemical impacts are considered, and
advantages of sapphire substrates with a modified sur-
face for forming heteroepitaxial A" BY! semiconductor
films and ordered ensembles of Au nanoparticles are
presented. The results of the latest experiments on the
application of sapphire crystals as a material for X-ray
optical elements are reported.

1. SURFACE ROUGHNESS AND ATOMICALLY
SMOOTH STEPS

When fabricating functional elements from sap-
phire crystals, either a free or bound abrasive is used;
however, in any case, the average grain size of the
abrasive is always successively reduced in order to
minimize the roughness of the processed surface and
the depth of the damaged surface layer [14—16]. Let us
consider these operations in more detail by the exam-
ple of fabrication of sapphire substrates for nitride epi-
taxy. Substrates with a diameter of 50.8 mm, a thick-
ness of ~0.45 mm, and an orientation of (0001) were
prepared from sapphire single crystals grown by the
Kyropoulos—Musatov method. Substrate preforms
were cut by diamond saws and bits and then subjected
to grinding and mechanical polishing using abrasive
powders or tools based on diamond and boron car-
bide; the chemical mechanical polishing of the sub-
strates was performed on a polyurethane lap using a
silica-sol-based suspension (Table 2).

The final stages of all operations are washing pre-
forms and measuring controlled parameters. In partic-
ular, the relief and surface roughness R, for operations
1—4 (Table 2) were measured by a mechanical profilo-
meter, whereas atomic force microscopy (AFM) and
X-ray scattering were used for operations 5—8 [17].
The damaged-layer depth after the operations was
defined as the thickness of the surface layer that must
be removed by chemical mechanical polishing or
etched until the formation of terrace-step nanostruc-
tures (TSNs) on the surface and a change in the width

Table 2. Sequence of technological operations in the fabrication of sapphire substrates with a supersmooth surface

No. Operation Abraswe;rg;am size, Da;g;tglelz,d:;yer Surfac;eea’riliﬁhness
1 | Cutting 28—100 50—150 0.4—1.5
2 | Grinding (1st stage) 28—63 50—100 0.4—1.0
3 | Grinding (2nd stage) 14-28 20—50 0.2—-0.4
4 | Mechanical polishing (1st stage) 3—10 5-20 0.05-0.1
5 | Mechanical polishing (2nd stage) 0.5-3 1-5 0.005—0.05
6 | Chemical mechanical polishing (1st stage) 0.05-0.1 0.05-0.1 0.0003—0.001
7 | Chemical mechanical polishing (2nd stage) 0.001-0.01 0.001—-0.005 0.0001—0.0003
8 | High-temperature annealing 0.0005—-0.001 0.0001—0.0002
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of X-ray diffraction reflection curves [18, 19]. The
results of measuring the roughness and damaged-layer
depth for the (0001) surface of sapphire substrate pre-
forms in different treatment stages are listed in Table 2.

It is noteworthy that these values sharply and non-
monotonically decrease when switching from
mechanical to chemical mechanical treatment of the
surface and that the surface morphology radically
changes from stochastic to ordered (Fig. 1) with a
decrease in roughness to values on the order of crystal
unit-cell parameter (the so-called size effect) [18].
This effect can be explained as follows: operations 1—5
(cutting, grinding, and mechanical polishing) lead to
the removal of material due to the brittle fracture and
plastic deformation of crystal affected by superhard
abrasive, which leaves corresponding traces on the
crystal surface and enriches the surface layer with
microcracks, slip planes, dislocations, misoriented
crystallites, etc., thus forming a damaged layer. Being
subjected to chemical mechanical polishing (opera-
tions 6, 7), sapphire is involved in a chemical reaction
with SiO,, which is present in the polishing suspen-
sion, to form compound Al,SiOs; the latter is then
removed from the sapphire surface by SiO, particles
[15, 20]. Etching the sapphire surface is mainly nonse-
lective, and the mechanical effect is weak because of
the much lower hardness of silica sol particles in com-
parison with sapphire.

The discreteness of the structure of a supersmooth
crystal surface, i.e., the formation of TSNs on it
(Fig. 1b), limits a further decrease in roughness. Cal-
culations show that the minimal roughness of vicinal
(0001) sapphire plates (the surface plane of which
deviates from the crystallographic plane by a small
angle a = 0.1°-5°) is R, = 0.055 nm [18]. Smaller
roughness values can be expected for the substrates
whose surface is formed by one atomically smooth
face (free of steps); however, there are no data on the
fabrication of these substrates or sapphire elements.

The high-temperature annealing of preforms is
widely used in the fabrication of sapphire substrates
[14]; however, removing residual macroscopic stress
after any operation in the 1—6 series, this treatment
does not cause any significant changes in the surface
relief and roughness and damaged layer depth in pre-
forms. At the same time, the annealing of substrates
with a supersmooth surface after chemical mechanical
polishing radically changes the structure of their sur-
face [21—28]. In particular, after annealing at a tem-
perature of 900—1000°C, one can observe substrate
surface cleaning (from silica sol particles) and signifi-
cant surface smoothing without changing the TSN
step height (Fig. 2). An increase in the annealing tem-
perature above 1000°C leads to a coarsening of steps
and increase in their height (Fig. 3), as a result of
which the substrate surface roughness increases [18].

When choosing the temperature and conditions of
substrate annealing, one must take into account the
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Fig. 1. AFM images of the (0001) sapphire substrate sur-
face after (a) mechanical and (b) chemical mechanical
polishing. The measured roughness values for the scans in
panels a and b are, respectively, R, ~ 1.0 and 0.1 nm.

difference in the physicochemical processes occurring
in the sapphire surface layer. In particular, low-energy
electron diffraction and Auger spectroscopy studies
revealed that vacuum annealing at temperatures
>1200°C leads to the deviation of sapphire Al,O; from
stoichiometry because of the loss of oxygen and for-
mation of structures differing from sapphire on the
substrate surface [28, 29].

Concerning annealing in air at temperatures below
1400°C, high-energy electron diffraction (HEED)
experiments do not reveal any structural changes on
the surface of sapphire substrates; high-resolution
transmission electron microscopy (HRTEM) also
indicates the conservation of a sapphire structural
motif (Fig. 4).

As a result of the experiments on annealing sap-
phire plates in air and vacuum [28], TSNs with desired
Vol. 61
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Fig. 3. AFM image of the sapphire plate surface with
o= 0.5° after chemical mechanical polishing (a) without
Fig. 2. AFM images of the sapphire substrate surface annealing and (b) after annealing in air at 1200°C; (c) Sur-
(ao=0.1°) after (a) chemical mechanical polishing and face cross section profile for an annealed sapphire plate.

(b) subsequent vacuum annealing at 900°C; (c) surface
cross section profile after annealing.
where /4 is the TSN step height (multiple of 0.22 nm),

disthe TSN st idth, and o is the vicinal angle.
parameters were fabricated (Table 3). These structures 1sthe Steb WidH, and o 1s the vicinal angle

generally satisfy the relation Along with the aforementioned methods for moni-
toring the morphology, composition, and structure of
h=dtan 0, (1) the surface of crystalline sapphire elements, optical

CRYSTALLOGRAPHY REPORTS Vol.61 No.5 2016
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Fig. 4. (a) HEED pattern and (b) bright-field HRTEM image of a single step on the sapphire substrate surface after annealing.

methods [30], X-ray photoelectron spectroscopy [27],
X-ray reflectivity [31], and other techniques are also
used. As for the theoretical concepts about steps on
vicinal crystal surfaces, there is a rather complete
review [32], which is, however, focused on crystals
with covalent and metallic bonds. The dependence of
the TSN parameters on the vicinal angle of sapphire
plates and annealing temperature was considered in
[24, 28, 33].

2. HETEROEPITAXY OF A"BY! COMPOUNDS
ON SAPPHIRE

Cadmium telluride (CdTe) crystals, which belong
to the group of semiconductor compounds A" BY!, are
used as substrates to grow epitaxial CdHgTe layers for
IR detectors and fabricate sensing elements for X-ray
and v detectors. They attract the attention of research-
ers as a promising material for modern photonics.
Crystals of another representative of the A"BV!
family—zinc oxide (ZnO)—are used to fabricate
detectors and sensors of different types; they are also
considered substrates for growing GaN-based hetero-
structures in optoelectronics.

However, the growth of these crystals from melt is
hindered by intense evaporation of the melt compo-
nents and the existence of a series of high-temperature
polymorphic phase transitions in CdTe. An alternative
to bulk ZnO and CdTe crystals is epitaxial films grown
on different crystalline substrates. Films are obtained
using molecular-beam epitaxy, metal-organic chemi-
cal vapor deposition, laser ablation, and magnetron
sputtering [34—39]. Among applicable single-crystal
substrates, (0001) sapphire (a-Al,O;) plates are most
popular. The lattice parameters of ZnO, CdTe, and
Al,O; are listed in Table 4. Note that heteroepitaxial
ZnO and CdTe films contain twins and domains with
differently oriented polar axes; moreover, these films
have a rough surface [34—39].

The influence of pre-epitaxial thermal treatment of
Al,O5 (0001) substrates on the structure of ZnO and
CdTe films grown by magnetron sputtering and
molecular-beam epitaxy, respectively, was studied in
[43, 44]. Epitaxial growth of ZnO and CdTe films
occurred on only sapphire substrates subjected to
annealing in air and containing a system of smooth
terraces and steps (Fig. 5). Indexing of the corre-
sponding electron diffraction patterns showed that the

Table 3. TSN step heights (nm) for different vicinal angles o and annealing temperatures of sapphire plates in air and in

vacuum (P, ~ 0.13 Pa)
Plate Annealing temperature, °C
misorientation 1000 1100 1200 1300 1400
angle o, deg B B B B
air vacuum vacuum air vacuum air air
0.03 0.22
0.1 0.22 0.22 0.22 0.22 0.22 0.22-0.6
0.2 0.22 0.22 0.4—-0.8
0.3 0.22 0.22 1-3 0.8—1 1-2 1-2
0.5 0.22 0.22 1.5-2 0.4-2.2 0.8 0.6—1.8
1.0 X X 0.2—0.4* 0.4—1.2 1 1-3
3.0 X 1-2 2—7
5.0 X 1-5 1.5-5.5
* TSNs are highly irregular.
CRYSTALLOGRAPHY REPORTS  Vol. 61 No. 5 2016
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Table 4. Structural data on ZnO, CdTe, AIN, and Al,O; crystals
Composition | Structure type Sp. gr. a, nm ¢, nm Z References
Al,O4 Corundum R3c 0.47540(5) 1.29820(6) 6 [40]
ZnO Waurtzite P6smc 0.3249(6) 0.52042(20) 2 [41]
CdTe sphalerite | F43m F43m 0.64827(8) — 4 [42]
AIN Waurtzite P6;ymc 0.3112 0.4982 2 [46]

(0001) plane of ZnO films is oriented parallel to the
substrate when the following relationship is valid:

(0001)[10T0]ZnO||(0001)[ 1120]ALOs. )

During the growth of CdTe films, the octahedron face
is oriented parallel to the basal sapphire face:

(111)[1T0]CdTe (0001)[1120]AL,O;. 3)

Growth of block textured ZnO films or unoriented
polycrystalline CdTe films was observed on the sur-
face of the substrates subjected to only chemical
mechanical polishing and the substrates annealed in
vacuum (P < 0.13 Pa) and containing TSNs. The
absence of CdTe epitaxial growth and the existence of
ZnO mosaicity are apparently caused by the presence
of structural defects (vacancy clusters and displaced
atoms) on the substrate surface after polishing, which
impede oriented nucleation and film growth. In turn,
annealing in vacuum leads to the deviation of alumi-
num oxide from stoichiometry and causes lattice dis-
tortion [28, 29]; these factors also hinder nucleation.

An analysis of the electron diffraction patterns of
epitaxial CdTe films shows that they are mosaic and
contain twins with the (111) twinning axis. It is likely
that these films also contain crystallites obeying the
relationship

(111)[112]CdTel|(0001)[1120]Al, 05, “)

and specifically these crystallites are responsible for
the occurrence of weak additional reflections in the

electron diffraction pattern of CdTe film (Fig. 5b).
The AFM surface image of epitaxial CdTe film exhib-
its crystallites with lateral sizes of about 50 nm. Pro-
ceeding from the crystallite habit, one can conclude
that the film contains twins oriented in correspon-
dence with relationships (3) and (4).

Additional studies of the growth of CdTe films on
the structured (0001) sapphire surface, oriented at an
angle of 44° with respect to the vapor flow direction
and normally to the direction of steps (oriented in the

[1120] direction), were performed. This geometry of
the substrate (heated to a temperature of 300°C) and
vapor source was found to provide growth of single-
crystal CdTe films if the step height exceeds 1 nm.
These results are explained by the occurrence of a lon-
gitudinal component of the diffusion flow of CdTe
molecules and atoms towards the steps from the inter-
nal side and their repulsion from the edge step from
the external side due to the presence of Schwoebel—
Ehrlich barrier; the latter provides the efficient supply
of material and necessary supersaturation for the
nucleation on the step edge and growth of oriented
CdTe islands. The thus obtained cadmium telluride
films have an orientation corresponding to (3), and
their composition is close to the CdTe stoichiometry
[45].

The structural quality of epitaxial ZnO films is bet-
ter than that of CdTe films, and the surface morphol-
ogy indicates that the crystallites (Fig. 5a) are oriented
with respect to the substrate according to relation-

(b)

Fig. 5. Electron diffraction patterns of (a) ZnO and (b) CdTe films grown on sapphire substrates and annealed in air at 1000°C.
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ship (2). The presence of additional reflections in the
electron diffraction patterns of ZnO films grown on
sapphire substrates subjected to chemical mechanical
polishing or annealed in vacuum indicates the exis-
tence of crystallites obeying the relationship

(0001)[1120]ZnOJ|(0001)[ 1120]Al,Os. 5)

A possible reason for such large differences in the
structural quality of epitaxial ZnO and CdTe films
grown on (0001) sapphire substrates, with allowance
for the fact that the growth rate of ZnO films multiply
exceeds that of CdTe films in this case, is that the lat-
tice mismatch of CdTe and sapphire is only 3.7% for
both orientational relationships, (3) and (4) [38]. This
mismatch for the ZnO/sapphire pair is 18.4% for rela-
tionship (2) and 31.8% for relationship (5) [39]. Thus,
the mosaicity of the ZnO film/sapphire structure is
suppressed due to the decrease in the elastic energy
contribution to the total energy of the film/substrate
system in the former case.

The significant mismatch between the substrate
and epitaxial film can be overcome in another way: by
forming buffer layers. For ZnO films on (0001) sap-
phire substrates, the most appropriate version is an
aluminum nitride layer, which is isostructural to ZnO
and has similar lattice parameters [46]. This layer can
also be obtained by thermochemical nitridation of
sapphire substrate: heating the latter in a mixture of
N,, CO, and H, gases [47]. The corresponding studies
were performed using scanning electron microscopy
(SEM), scanning transmission electron microscopy
(STEM), and energy-dispersive X-ray microanalysis
(EDXMA). The transvers-cut STEM data (Fig. 6)
revealed the formation of a continuous aluminum
nitride (AIN) film with a thickness of about 100 nm
and a sharp AIN/Al,O; interface on the sapphire sub-
strate surface after thermochemical nitridation. The
EDXMA data confirm the complete nitridation of the
sapphire substrate surface to a depth of about 100 nm.

According to the reflection high-energy electron
diffraction data, the surface of sapphire substrates sub-
jected to thermochemical nitridation contains a sin-
gle-crystal AIN phase with a hexagonal wurtzite struc-
ture (Fig. 7, inset). Indexing of the electron diffraction
pattern shows that the AIN film is oriented by the
(0001) plane parallel to the substrate surface and con-
sists of slightly misoriented blocks. The nitride film
surface exhibits defects (Fig. 7) in the form of charac-
teristic hexagonal etching pits with linear sizes up to
200 nm and a height up to 10 nm. The presence of
these defects significantly increases the substrate sur-
face roughness (up to 4—5 nm).

The surfaces of ZnO films on nitridized substrates
have a grain microstructure with grain sizes on the
order of 50—70 nm (Fig. 8). The surface contains cra-
ters with linear sizes up to 1 um and a depth of up to
50 nm, which are presumably formed on substrate sur-
face defects. An analysis of the electron diffraction

CRYSTALLOGRAPHY REPORTS

MUSLIMOV et al.

(@)

Al
600 Al

T
1.5 2.0
Energy, keV

L5 20
Energy, keV

(b)

Fig. 6. STEM image of a transverse cut of the sapphire sub-
strate surface after thermochemical nitridation in an elec-
tron microscope obtained using a high-angle dark-field
ring detector and the EDXMA data on the heterostructure
for different depths (insets).

pattern shows (Fig. 8, inset) that ZnO films are crys-
tallized into a wurtzite-type structure and grow with
the (0001) plane oriented parallel to the AIN and Al,O,
(0001) planes. Film are slightly mosaic; however, the
aforementioned domains and twins are suppressed in
them. Electron diffraction patterns of epitaxial ZnO
films grown on sapphire substrates subjected to chemi-
cal mechanical polishing but without thermochemical
nitridation exhibited additional reflections and even
rings. This feature may indicate not only the formation
Vol. 61
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Fig. 7. AFM image (contact scanning mode) of the (0001)
sapphire substrate surface after thermochemical nitrida-
tion and its electron diffraction pattern (inset).

of domains and twins in a ZnO film, but also the
presence of randomly oriented crystallites in it.

Figure 9 shows the experimental rocking curves
from the (002) planes of epitaxial ZnO films in two
structures: ZnO/Al,0; and ZnO/AIN/Al,O;. A com-
parison of the rocking curves of these crystal struc-
tures shows that, in the case of the ZnO/AIN/Al,O,
structure, the intensity of the ZnO (002) reflection is
much higher (by a factor of about 800) and the half-
width of the FWHM curve is much smaller (by a factor
of about 7) than for the ZnO/Al,O; structure. Like the
HEED data, the X-ray diffraction data give grounds to
state that thermochemical nitridation of the (0001)
sapphire substrate surface improves significantly the
structural quality of epitaxial ZnO films. Obviously, a
facilitating factor is that the ZnO and AIN compounds
belong to the same structure type (wurtzite) and have
similar unit-cell parameters.

In addition, with allowance for the rotation of
the wurtzite and sapphire lattices by 30° during epi-
taxy in the case wunder consideration (2)

((0001)[1010]ZnO[|(0001)[1120]Al,05), the unit-cell
parameters of both crystalline layers and substrate
satisfy the relationship az,oV3 > axnV3 > @apos
(Table 4). The presence of an intermediate AIN layer
with a unit-cell parameter a improves the lattice
matching between the epitaxial ZnO film and sapphire
substrate, reducing the stress at the interface. Note
that the difference in parameters a of the AIN films
and substrate is rather large (13.4%); due to this, dif-
ferently oriented domains arise in AIN films during
thermochemical nitridation (Fig. 6b). However, the
Vol. 61
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Fig. 8. AFM image of a zinc oxide film on a (0001) sap-
phire substrate with nitridized surface and the correspond-
ing electron diffraction pattern (inset).

concentration of domains and twins in AIN films is
relatively low, which is apparently related to the mech-
anism of AIN film formation: a solid-phase chemical
reaction during nitrogen diffusion with the replace-
ment of oxygen on the sapphire substrate surface.

3. GOLD FILMS ON SAPPHIRE

Ordered ensembles of metal nanoparticles are
interesting and promising objects both for designing

1, 10~ rel. units
10+

8

6

17.7
0, deg

0 L
16.8

Fig. 9. Experimental rocking curves from the (002) planes
in a ZnO film: (/) the sample without an AIN buffer layer
and (2) the sample with an AIN buffer layer. Symbols are
experimental data and solid lines are approximations by a
Gaussian at the peak half-width: (/) 0.237° and (2) 0.034°.
The intensity normalized to the incident beam intensity is
indicated. The intensity of curve 7 is multiplied by 350.
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Fig. 10. AFM images of a substrate with a deposited gold
film after 1-h annealing at 7= (a) 400 and (b) 600°C.

chemical and biological sensors and for photonics
applications [48—52]. One of the main methods for
forming these ensembles is visible-light photolitho-
graphy [53] (with a wavelength of about 1 um); how-
ever, the particle size is restricted by the diffraction
limit from below. The possibilities of artificial (gra-
pho-) epitaxy are also limited, because this technique
cannot yet provide submicron elements. In contrast,
the potential of ion or electron etching is limited from
above: the maximum sizes of processed areas are sev-
eral tens or, at best, several hundreds of micrometers.
Therefore, an urgent problem is to develop a technique
for forming ordered ensembles of metal nanoparticles
using the structuring influence of nanoscale substrate
profile. In particular, a gold film with a thickness of
about 1—2 nm was previously deposited on a TSN-
containing sapphire substrate by magnetron sputtering
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Fig. 11. AFM images of structured gold nanoparticles on a
sapphire surface (1-h annealing at 7= 900°C).

[54], after which this composite structure was
annealed in air. Annealing at 400°C for 1 h causes the
formation of rare islands about 20—30 nm in size
(Fig. 10a). A 1-h annealing to 600°C leads to further
coarsening of islands (Fig. 10b), which form ordered
ensembles on the surface due to the orienting effect of
ordered nanostructures from regular terraces and steps
on the sapphire substrate surface. Then the islands
coalesce to form inhomogeneous filaments 200—
400 nm long.

Annealing at 900°C leads to the complete structur-
ization of a gold film with formation of particles about
4—6 nm high with a diameter of 80—100 nm, which
corresponds to the step period at the object localiza-
tion site (Fig. 11).

Thus, Au atoms were found to have enhanced dif-
fusion mobility, which is caused by the nanoscale
effect at temperatures much lower than the melting
temperature of gold particles (1063°C). The nano-
structured sapphire substrate surface organizes the
formation of ordered ensembles of Au particles on it.

Samples annealed at 900°C with nanocrystals
~80—100 nm in size (formed on a flat substrate along
the steps of terrace structure on a sapphire surface)
were chosen for optical studies. An analysis of the
angular dependence of scattered radiation shows that
the relief is ordered and the absence of diffraction
peaks indicates that its characteristic period is smaller
than the probe radiation wavelength.

Having experimental data on the angular depen-
dence of reflectance, one can obtain an experimental
curve and compare it with the theoretical one. The
dependence of the reflectance amplitude on the angle
of incidence is given by the Fresnel formulas
Vol. 61
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Fig. 12. Angular dependences of the Rp — Rpp)/Rp ratio
for (1) p- and (2) s-polarized incident waves.
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where 0 is the angle of incidence and # is the refractive
index of the sample (substrate) material. The intensity
reflectance is the squared modulus of the aforemen-
tioned expressions. Having subtracted the theoretical
curve from the experimental dependence, one can
investigate the influence of the fine effects related to
the nanostructures deposited on the sample. Figure 12
shows the difference between the experimentally
found modulus of amplitude reflectance R for s- and
p-polarized light beams (wavelength A = 488 nm) and
reflectance R, calculated from the Fresnel formula
and normalized to the experimental value. The refrac-
tive index of sapphire at a wavelength of A = 488 nm
was assumed to be 1.77.

Another way to increase the sensitivity of measure-
ments on nanostructures is to analyze the difference
between the experimental reflectances of nanostruc-
tures differently oriented with respect to the plane of
incidence of s- and p-polarized beams: AR = R* — R,
Here, R® and R%° are the sample reflectances for the
cases where structures are located, respectively, paral-
lel and perpendicular to the plane of incidence. The
presence of fine features in dependence AR(0) allows
one to draw conclusions about the surface structure;
however, to compare experimental results with the
parameters of surface nanostructures, one needs a
theoretical model. For a while one can suggest that, at
a certain angle of incidence, the local intensity of elec-
tromagnetic field in metal nanospheres located along
the terraces on the sapphire surface significantly
increases and thus changes the reflection conditions
for electromagnetic waves.

— for s polarization,

— for p polarization,
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The oriented growth of gold films from vapor phase
on a (0001) sapphire substrate was implemented in
[55]. This growth occurs upon substrate heating to
500°C. Epitaxy is observed when gold nanocrystals
reach a certain size at fixed external parameters.
Under conditions of weak adhesion between the crys-
tal and substrate, gold is crystallized on edges of atom-
ically smooth substrate steps in the form of nanocrys-
tals, with the conservation of mainly three epitaxial
relationships: with high-density atomic planes (111),
(100), and (211), oriented parallel to the (0001) Al,O,
plane. At lower temperatures gold is crystallized on the
substrate in the form of nanocrystals 100—120 nm in
size ordered along step edges and having no preferred
orientation.

4. MICRO- AND NANOSTRUCTURED
SAPPHIRE SURFACE: OXIDATION
OF Al FILMS

The use of crystalline substrates with a regular
micro- or nanorelief during heteroepitaxy is one way
to significantly reduce the dislocation density in films
grown on sapphire, for example, in GaN—sapphire
structures [56]. A regular micro- and nanorelief of
desired configuration and size can also be formed
using photolithography, with the subsequent etching
of the substrate surface in mask windows or growing
sapphire layers on its surface [56—58].

A technique allowing one to proceed without pho-
tolithography has begun being developed to obtain
sapphire plates with a regular microrelief on their sur-
face [59]. In particular, the technique of vacuum
deposition of metal through masks with holes 0.2—
40 um in diameter and subsequent annealing was
applied in experiments aimed at forming a regular
microrelief on the supersmooth surface of sapphire
plates (Fig. 13). Optical microscopy, AFM, and
RHEED were used to detect it on the surface and
monitor its parameters.

The RHEED patterns of a continuous film
obtained by this technique indicate that this film is a
mosaic sapphire crystal. A similar result was obtained
by transmission electron microscopy. A comparison of
bright-field HRTEM images of the sapphire substrate
and film (Figs. 13, 14) shows that the substrate has a
high structural quality, whereas the film has a pro-
nounced mosaic structure with blocks 5—10 nm in
size. A larger part of bright-field HRTEM images of
the film exhibits characteristic rotational moiré pat-
terns (Fig. 13) with a period of more than 6 nm: these
interplanar spacings are absent in sapphire crystals.
One possible reason for the poor structural quality of
the sapphire film is the presence of cavities in it
(Fig. 14), which arise in it during the oxidation of
metallic aluminum upon annealing in air and subse-
quent solid-phase epitaxy. These cavities can be elim-
inated by reducing the heating rate during annealing or
by decreasing the thickness of deposited Al films.
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Fig. 13. (a) AFM image and (b) cross-sectional profile of a
regular microrelief formed on sapphire plate surface after
annealing at 1400°C. The inset shows an AFM image of
the lateral surface of mask element.

A way to form sapphire substrates with a nano-
structured surface by anodic oxidation of an alumi-
num film on a substrate, with subsequent annealing in
air, was proposed in [60]. A film of metallic aluminum
is formed on a (0001) sapphire substrate by vacuum
deposition, after which the composite is subjected to
the conventional procedure of anodic oxidation. As a
result, an aluminum oxide film with a thickness of sev-
eral hundreds of nanometers is formed on the sub-
strate surface; the film relief is characterized by the
presence of cylindrical through holes about 50 nm in
diameter with a density of about 50 holes per um?
(Fig. 15). Annealing in air is applied to obtain an ori-
ented sapphire film with a nanostructured surface
(Fig. 16), which may be of interest as a substrate for
growing heteroepitaxial AIN and GaN films.

We believe that this approach has certain advan-
tages before photolithography when fabricating
micro- and nanostructured surfaces, because a nano-
structure is formed in this case due to the self-organi-
zation of atoms of the aluminum film deposited on the
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Fig. 14. Bright-field HRTEM image of the structure of
sapphire film near its surface.

substrate surface. The self-organization occurs under
different impacts: anodic oxidation, diffusion, and
grain growth during annealing.

5. SAPPHIRE AS A MATERIAL FOR X-RAY
OPTICAL ELEMENTS

Currently, one of the most widespread materials for
X-ray optical elements (both grazing-incidence and
diffraction ones) is single-crystal silicon [61].
Recently, in view of the development and spread of
ultrabright X-ray sources, such as synchrotrons and
X-ray free-electron lasers, researchers are paying
attention to sapphire, which is a promising material for
X-ray optical elements [62] because of the favorable
combination of its acceptable physical characteristics
with technological efficiency. The progress in the
technology of processing sapphire crystals, which pro-
vides, in particular, effective heights of element surface
roughness as small as about 0.1 nm [17], opens up ways
to fabricate elements of total external reflection mir-
rors and substrates for multilayer mirrors from sap-
phire.

In addition, TSNs on a sapphire surface (Figs. 2, 3)
can also be used to control X-ray beams: if the struc-
ture period is sufficiently constant throughout the
entire surface, this structure is a diffraction grating.
The crystal is an oxide, because the relief is highly sta-
ble in air. Irradiation by a grazing-incidence beam
yields a peak in the scattering phase function. The lat-
ter is proportional to the power spectral density (PSD)
function [63]; hence, when plotting a PSD curve, one
will also observe a peak with a spatial frequency corre-
sponding to the effective period of the step structure
(Fig. 17). This period is determined by angle «
between the X-ray beam propagation direction and the
direction of steps in the surface structure. Thus, one
can implement a system for controlling X-ray beams in
which the beam position can be varied within 1°—2° by
Vol. 61
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Fig. 15. Bright-field SEM image of the structure of sap-
phire film near its surface.

300 nm,

Fig. 16. SEM image of an aluminum oxide film on a (0001)
sapphire substrate after anodic oxidation.

Fig. 17. X-ray diffraction pattern in grazing geometry (syn-
chrotron radiation, A = 0.9636 A) from an aluminum oxide
film on a (0001) sapphire substrate after anodic oxidation
and subsequent annealing in air at 1400°C.
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rotating the reflecting element in the azimuthal
plane [62].

Sapphire crystals are also used as output windows
for synchrotron radiation, both in the UV [64] and
X-ray [65] ranges. In this field of sapphire application,
not only the surface characteristic of an element but
also its volume characteristics (in particular, transmit-
tance) play an important role. Sapphire is a promising
material for monochromators in experiments with
synchrotron radiation beams and X-ray lasers [7, 8];
here, the volume characteristics of crystals also play an
important role. For example, the first X-ray spectros-
copy experiments in the energy range of 20—40 keV,
where sapphire monochromators were oriented
almost normally to the incident X-ray beam and oper-
ated in the reflection geometry, revealed that the nec-
essary values of rocking curve half-width (less than
1 meV) are implemented only in individual portions of
the element surface (with an area of about 0.1 mm?)
and the total area of these portions is a small part of the
element surface [7]. In a continuation of these studies,
a complex X-ray diffraction characterization of the
defect structure of sapphire crystals grown by different
conventional methods [12, 13] was performed. It was
found that the main contribution to the rocking curve
broadening is from dislocations [66]. The highest
structural quality was observed for the sapphire crystal
grown by the Kyropoulos method: the average disloca-
tion density in it was 10°—10° cm~? and there were
portions about 2 X 2 mm? in size free of dislocation
contrast (Fig. 18). Preliminary experiments showed
that the structural quality of these sapphire crystals is
quite acceptable to use them as monochromators in

1078 ks

10710

100

Fig. 18. PSD function of a sapphire surface with a regular
relief obtained according to the (circles) X-ray scattering
data and (solid lines) AFM data at different angles o of rel-
ative primary flat.
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Fig. 19. Comparison of the data of (a) laboratory X-ray topography in the Bragg reflection (b) and white-beam topography for a
sapphire sample: the same dislocations are denoted by numbers 1—6. The defects that were also used to identify sample portions

are selected by a circle.

X-ray spectrometers operating in the reflection
geometry [66].

CONCLUSIONS

In this review we reported the results of studying
(using a complex of methods) the surface state of sap-
phire crystals in different stages of their treatment by
the example of preparing sapphire substrates with a
supersmooth surface. The possibilities of forming pur-
posefully regular micro- and nanoreliefs and thin tran-
sition layers on the sapphire substrate surface by ther-
mal and thermochemical impacts were considered.
The advantages of sapphire substrates with a modified
surface for forming heteroepitaxial CdTe and ZnO
semiconductor films and ordered ensembles of gold
nanoparticles were described. The results of the latest
experiments on application of crystalline sapphire as a
material for X-ray optical elements—total external
reflection mirrors, substrates for multilayer mirrors,
output windows for synchrotron radiation, and mono-
chromators for X-ray spectrometers operating in the
reflection geometry—were presented. In the latter
case, problems concerning the defect structure of bulk
sapphire crystals and the choice of the method for
growing crystals of highest quality were discussed.
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