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Abstract—Multiphase nanopowder and amorphous/amorphous—nanocrystal coatings on the basis of Al,O4
have been produced on a glass substrate by the method of pulsed electron-beam evaporation in vacuum. Their
characteristics are studied by XRD, BET, pulsed cathodoluminescence, and differential scanning calorimetry
(DSC)/thermogravimetric analysis. The effect of the deposition time of nanoparticles (NPs) on the phase
composition of coatings and nanopowders is established. The correlation of luminescent properties with the
phase composition of coatings and nanopowders is detected. Amorphous—nanocrystal coatings and nanop-
owders containing an Al,O5 y phase with a defective cubic spinel structure are promising materials for the

dosimetry of different types of ionizing radiation.
DOI: 10.1134/S1995078013020171

INTRODUCTION

The unique magneto-luminescent properties of
aluminum oxide nanopowders (NPWs) [1, 2] and thin
films [3] indicate their potential for application in
optoelectronics, spintronics, dosimetry, catalysis, and
other areas of science and technology. A large number
of studies on the preparation of amorphous and amor-
phous—nanocrystal (A-NC) films [4, 5], coatings
[6, 7], and submicron- and nanopowders [8, 9] on the
basis of Al,O5 using various high-temperature meth-
ods, pulsed laser deposition (PLD) [10, 11], evapora-
tion by a continuous and pulsed electron beam [2, 12],
various modifications of magnetron sputtering [6, 7],
plasma chemical technologies [13, 14], detonation
synthesis [15, 16], and others are known. The results of
these studies show that the routes of formation and
phase transformation of the Al,O;-based nanomateri-
als upon further annealing are characterized by excep-
tional diversity and depend on manifold factors: the
initial precursor, the method of synthesis used and its
conditions, the temperature and crystallographic ori-
entation of the substrate [17, 18], etc. An amorphous
phase, which is further transformed into the y-phase
Al,O5 upon annealing, is most often formed upon the
deposition of thin films onto relatively cold substrates
(25—250°C) [19—21] using evaporation by the elec-
tron beam. The y phase in turn can remain thermally
stable up to high temperatures of approximately
1000—1100°C [4].

A o phase of anion-defective corundum ceramic is
widely used as a thermoluminescence detector of var-
ious types of ionizing radiation [22]. The potential of
using thin films with a thickness less than 3 pum
[23, 24], micron powders and granules [25] for the
dosimetry of beta particles, and ultraviolet and gamma
radiation is mentioned only in few publications. There
are very few studies devoted to investigating thermolu-
minescent and dosimetric characteristics of amor-
phous films and coatings consisting of various poly-
morphic phases of Al,O;, in particular coatings con-
taining nanocrystals (NC) of the Al,O; y phase with a
defective spinel structure in the amorphous matrix.

The aim of this work is to prepare A-NC coatings
and NPW on the basis of Al,O; through the evapora-
tion of an a-Al,O; ceramic target using a pulsed elec-
tron beam in vacuum and the investigation of their
structural and luminescent properties, thermal stabil-
ity, and the routes of their phase transformations upon
heating to 1400°C.

EXPERIMENTAL

Coatings and NPWs were prepared by the evapora-
tion of the ceramic target in vacuum (residual pressure
4 Pa) using a pulsed electron beam on a NANOBIM-2
instrument [26]. The electron energy was 40 keV, the
pulse energy was 1.8 J, the pulse duration was 100 us,
and the pulse frequency was 100—200 Hz. Coatings
and NPWs were obtained in identical experimental
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Fig. 1. X-ray diffractogram of the multiphase Al,O; NPW.

conditions with different deposition times (5—10 min
for coatings and 40—60 min for NPWs) and “target—
substrate” distances (5 cm for coatings and ~10—
15 cm for NPWs). Coatings were deposited onto cover
slips (5 x 2.4 cm) with a thickness of 0.13—0.18 mm;
the deposition of NPWs was conducted on the large
surface of a window glass substrate with a thickness of
4 mm located around the target. Targets—-circular
disks 60 mm in diameter and up to 20 mm in height—
were obtained by annealing in the air at 1000°C for 1 h
after pressing (on a manual press) NPWs with a spe-
cific surface area 9.8 m?/g purchased from IAM
(United States). The following diagnostics were used
for an investigation into the NPW properties. X-ray
diffraction analysis was conducted with XRD 7000
Shimadzu (Japan) and X’PERT PRO (Holland) dif-
fractometers. The specific surface area of powders (S)
was determined by BET using Micromeritics TriStar
3000 with a measurement error of +3%. Heating and
cooling thermograms and the mass spectra of the sam-
ples were recorded with differential scanning calorim-
etry (DSC) and thermogravimetry (TG) using an
STA-409-PC Luxx synchronous thermoanalyzer
coupled with a QMS-403C mass spectrometer (res-
olution 0.5 amu, Scan, Scan-Bargaph, MiD) from
NETZSCH.

The pulsed cathodoluminescence (PCL) was
investigated with a KLAVI-1 setup [27]. The coating
thickness was determined by weighing the substrate
before and after deposition using Sartorius electronic
balances (capacity 220 g, readability 0.1 mg).
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RESULTS AND DISCUSSION

Multiphase Al,O; NPW with a specific surface area

up to 270 m?/g [2] and amorpous/amorphous—nanoc-
rystal Al,O;coatings (20—40 pm thick) with low adhe-
sion to the glass substrate materials were obtained in
the experiments.

It was established that the phase composition of
coatings and NPW depended on the deposition time,
which indicated the defining role of the duration of
thermal treatment of the newly introduced nanoparti-
cles (NPs) on the phase transformations in the layers
deposited earlier. The effect of the plasma flame of the
evaporated target on the phase composition of NPWs
can be excluded because of the large distance between
the target and substrates on which the powder was
deposited. On the contrary, the thermal effect of the
plasma flame on the coatings is not improbable during
coating deposition due to the short “target—substrate”
distance, which partly resulted in the incontrollable
annealing of amorphous coatings formed on NPs
hardening on cold surfaces and their partial crystalli-
zation.

The diffractogram of the multiphase Al,O; NPW
obtained with evaporation by an electron beam in vac-
uum is presented in Fig. 1.

The Al,O; NPW consisted of three crystalline
phases: a-Al, 03, y-Al, O3, 6-Al, 05, and an amorphous
component. The relative contents of the crystalline
phases in the NPW and the average values of coherent
scattering regions (CSRs) are presented in Table 1.
Narrow and intensive diffraction peaks in Fig. 1 indi-
cate that the prolonged thermal treatment for 40—
60 min during the sequential layer deposition of the
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Table 1. Relative content of the crystalline phases and average values of coherent scattering regions (CSR) of the ALL,O;_5 NPW

a Al,O3 (corundum) v Al,O5 (cubic) 6 Al,O5 (monoclinic)
Sample
content, mass % CSR, nm content, mass % CSR, nm content, mass % CSR, nm
AlLO;z_;5 65(3)* 78(2) 24(3) 21(2) 11(3) ~30

* Measurement errors are given in parentheses

NPW on the cold substrate caused the partial crystal-
lization of the amorphous phase of the NPW and
resulted in the formation of three polymorphic crys-
talline phases of Al,O5 (o, v, and 0 phases) in the final
product. Notice that the formation of a stable Al,O,
o phase was not observed previously in NPW obtained
with different gas-phase methods (PLD, the electrical
explosion of wires, evaporation by a continuous elec-
tron beam, chemical vapor deposition, etc.). A mod-
erate fraction of the Al,O; o phase (30%) was found in
the multiphase coatings deposited with the plasma-
detonation method [28].

Unlike NPW, coatings were either entirely amor-
phous or with a low content of the crystalline y phase
in the amorphous Al,O; matrix. Both types of coatings
were obtained in experiments with different deposi-
tion times (5—10 min) in a noncontrolled manner,
which was related with the arbitrary direction of the
vapor (plasma flame) on the electron beam scanning
the target surface due to the unpredictable shape of the
crater and the partial destruction of the target upon
evaporation. The preparation of homogenous coatings
with equal thicknesses is possible by rotating the target
holder and the spiral scanning of the target by the
beam, which is planned for the future. Diffractograms
of the amorphous and A-NC coatings (before and
after annealing in the air at 300°C for 1 h) obtained
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with evaporation for 5 min are presented in Fig. 2.
Characteristics of the A-NC coatings before and after
annealing are given in Table 2.

It can be seen from the diffractogram in Fig. 2a that
this coating sample is entirely amorphous (only peaks
of diffuse scattering are present without the formation
of crystalline phases). The diffractogram of the A-NC
coating before annealing (Fig. 2¢) is characterized by
three narrow peaks with maxima localized at angles
20 = 37.76°,45.893°, and 66.9313°. These peaks indi-
cate that a moderate amount of y-phase Al,O; nanoc-
rystals (NC) with (311), (400), and (440) crystalline
orientation are present in the coating composition.
The degree of crystallinity of the unannealed sample
calculated with the Crystallyty program was 16.6%. It
can be seen from Fig. 2d that the new y-phase NC with
crystalline orientation (222) emerged after the anneal-
ing of the coating with the initial NC with crystalline
orientation (311), (400), (440) at 300°C for 1 h and
cooling of the sample to room temperature together
with the oven. The NC size practically did not change
after annealing according to the CSR data (Table 2).
The degree of crystallinity of the sample before
(16.6%) and after (14.9%) annealing is close to the
experimental error.

Lattice parameters of the Al,O; y phase in the A-NC
coating before (7.908 + 2 A) and after (7.886 + 4 A)

0
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]
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Fig. 2. (a) X-ray diffractogram of the amorphous coating; (b, c) diffractograms of the A-NC coating before annealing at 6 = 10—65°
and 6 = 30—90°; and (d) diffractogram of the A-NC coating after annealing. Miller indexes for the y-Al,O5 are denoted by (¥).
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HKL Line position, degree. FWHM, degree a, A CSR size, nm
Before annealing
311 37.76 £ 0.02 — 7.908 *+ 2%
400 45.893 + 0.004 0.22448 £ 0.016 81 = 8*
440 66.9313 + 0.04 0.44902 + 0.04 30 £ 3%
After annealing
311 37.84 £ 0.04 - 7.886 L 4*
222 39.48 £ 0.04 —
400 46.081 £ 0.004 0.29 +0.03 50 &+ 5%
440 67.110 £ 0.006 0.46 +0.03 30 + 3%

* Error is due to the error of the determination of the half width and the position of the line.

annealing are significantly lower than in the standard
one (7.924 A) [17]. The decrease of the lattice param-
eter is less in relation to the effect of the size factor,
which is known [29] to be more pronounced at the
particle size 5—10 nm (in our case the particles were
significantly larger (Table 2)). Most likely the decrease
in the lattice parameter is caused by the changes in the
Al,O; stoichiometry due to the formation of oxygen
vacancies and other defects of various types in the
coatings. The 400 and 440 lines (Fig. 2) have signifi-
cantly different widths, confirming high the defectness
of the NC AlL,O; y phase in the coating.

The CSR calculations were conducted assuming
that the line widening is caused only by the small crys-
tallite size. It has not been possible to separate the con-
tributions of the defectiveness and small size of crys-
tallites. The aluminum oxide crystal growth was prob-
ably not isotropic and their sizes along {(100) and (110)
directions differ significantly.

Phase transformations in the multiphase Al,O,
NPW and A-NC coating upon heating to 1400°C dif-
fer insignificantly.

The heating and cooling thermograms (DSC-TG)
of the multiphase NPW consisting of a mixture of
crystalline phases (o, y, and 0) and an amorphous
component are presented in Fig. 3.

In the beginning the water adsorbed on the NP sur-
face evaporated (minor endothermic peak up to
~330°C). The intensive exothermic peak of the NPW
amporphous phase crystallization follows that. Slow
kinetics and the wide temperature range of crystalliza-
tion (from 330 to 960°C) indicate significant thermal
stability of the amorphous phase up to ~960°C. The
large value of the crystallization thermal effect of the
amorphous phase indirectly suggests its large content
in the NPW.

Note that the process of crystallization of the
amorphous phase (exothermic peak) in the mul-
tiphase NPW should be accompanied with the parallel
competing processes: recrystallization of the initial
crystalline phases (., y, and 0), the growth and crys-
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tallization of the new y-phase crystals, and the evapo-
ration of the chemically bound water (water evapora-
tion from NPW finishes only upon reaching approxi-
mately 1300°C, which is demonstrated by the
respective break point on the TG curve). The sharp
decline of the TG curve in the temperature range 960—
1250°C directly indicates the decrease in the hydro-
scopic y phase in the NPW in the process of the poly-
morphic transition y6.

It is most likely that a significant growth in the size
of the initial o.-phase NC and a relatively slow growth
of the size of the initial y-phase NC occur upon the
heating of the multiphase NPW (the latter is con-
firmed by the XRD data upon the absence of signifi-
cant growth in the size of y-phase NC in A-NC coat-
ing after annealing for 1 h at 300°C (Table 2)). The sig-
nificant decrease in the specific surface area (crystal
growth) of the o phase is observed at a sufficiently low
temperature above 500°C [30]. The higher o-phase
crystal growth rate is caused by the differences in the
surface energies of the polymorphic phases (2.64 J/m?
for o phase and 1.67 J/m? for y phase); therefore, the
yphase can retain a high specific surface area
~150 m?/g upon heating at the rate 5°C/min to the
temperature 900°C, while the specific surface area of
the o phase at this temperature decreases sharply from
156 to 50 m?/g [30].

The fraction of the y phase in the initial NPWis rel-
atively small according to the XRD data (Table 1), and
the relatively high exothermic peak of the y0 transition
(960—1205°C) indicates that the largest part of the
amorphous phase is crystallized upon heating the
NPW to 960°C. However, it cannot strictly be stated
that the entire amorphous component crystallized at
960°C considering its high thermal stability [21].

The transformation of the multiphase NPW into
the stable Al,O; o phase begins from approximately
1205°C, which is demonstrated with a minor exother-
mic peak in the temperature range 1080—1400°C.
However, there was probably no final transformation
of the multiphase NPW into the stable o phase upon
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Fig. 3. (a) DSC-TG heating thermograms and H,O and CO, mass spectra of the multiphase Al,0; NPW. (The following pro-
cesses are designated with numbers: (/) evaporation of the adsorbed water, (2) crystallization of the amorphous phase into the
Al,O3yphase, (3) y = 0, (9 6 = a); (b) DSC-TG cooling thermograms of the multiphase Al,O3 NPW. The rate of heating and

cooling is 10°C/min.

heating to 1400°C, which was evidenced by the avail-
ability of the endothermic effect on the DSC cooling
curve (Fig. 3b) at around 1065—1070°C, which indi-
cated the possibility of the reverse transformation of
the polymorphic phases according to the © — y reaction.

The heating and cooling thermogram to 1400°C of
the A-NC coating, which was picked up from the sub-
strate by the titanium foil following the deposition on
the glass, is presented in Fig. 4a. The strong carboniza-
tion of the coating should be noted (CO, mass spec-
trometry curve in Fig. 4a), which is in agreement with
the observed strong carbonization (up to 20%) of the
surface layer of plasma-detonation Al,O; coatings
[28]. Most likely the carbonization of coatings is
related to their high porosity and high effective specific
surface area of the grains, which results in the adsorp-
tion of gas particles from the environment (chemi-
sorption of CO, on the bridging oxygen atoms with the
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formation of surface carbonates). The application of the
v-Al,O; as a carbon sensor is known in practice [35].

Phase transformations in the A-NC coatings pro-
ceeded according to the scheme “amorphous phase —
Y = 0 > 6 — a.” At the beginning, adsorbed water
evaporated from the coating (endothermic peak in the
temperature range ~50—250°C). The crystallization of
the amorphous phase (exothermal peak in the temper-
ature range 250—830°C) began at a lower temperature
(250°C) than in the multiphase Al,O; NPW, which is
most likely related to the known catalytic effect of
water vapor on the crystallization temperature of the
amorphous phase [31].

The minor exothermic peak in the temperature
range 830—925°C is likely related to the polymorphic
transformation y — 3. Notice that, according to the
TG heating curve (Fig. 4a), the water evaporation
from the coating finished at the stage of crystallization

Nos. 3—4 2013
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Fig. 4. (a) DSC-TG heating thermograms and H,O and CO, mass spectra of the A-NC Al,O; coating. (The following processes
are designated with numbers: (/) evaporation of the adsorbed water, (2) crystallization of the amorphous phase into the Al,O3y
phase, (3)y = 3, (4) 8 — 6, and (5) 6 — a); (b) DSC-TG cooling thermograms and H,O and CO, mass spectra of the A-NC
Al,O5 coating of the multiphase Al,O3 NPW. The rate of heating and cooling is 10°C/min.

of the amorphous phase into the y phase at the lower
temperature of approximately 600°C. The nonmonot-
onous growth of the mass of the coating was observed,
further caused by thermal annealing of oxygen vacan-
cies, a number of which could increase due to the
known effect of the increase in porosity of the y phase
on heating to the temperatures 400—600°C, which
resulted in the formation of nanosized pores (2—3 nm)
and the respective growth in the number of vacancies
in the coating [32].

The thermal effect of the further transformation in
the reaction & — 0 was pronounced much less than in
the Al,O; NPW. Only the deviation in the exothermic
direction of the base line of the DSC curve, most
noticeable at approximately 1000°C, is indicative of
the & — 6 reaction. The minor exothermic peak of the
final transformation according to the 6 — a reaction
was observed starting from around 1080°C in the tem-
perature range 1080—1400°C. The availability of the
endothermic effect at approximately 1120°C on the
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cooling curve of the coating (Fig. 4b) also supports the
lack of the final transformation of the coating into the
stable aluminum o phase upon dynamic heating to
1400°C and the possibility of the reverse transforma-
tion of the metastable phases in the 8 — vy reaction
upon cooling. However, an investigation into the
reversibility of polymorphic phases of Al,O; requires
the application of high-temperature XRD, which was
not among the objectives of this work.

Notice that a very small exothermic peak on the
DSC curve of the multiphase Al,O; NPW at 960°C
(marked with “?” in Fig. 3a) can be caused by the y — &
reaction proceeding with a high rate according to the
possible martensite transformation mechanism [33],
which is attested to by the narrow temperature range of
the transformation (~960—980°C).

Hence, the data of the DSC-TG analysis of the
NPW and coating indicate that the amorphous phase
persist in both materials upon their heating at a rate of
10°C/min up to sufficiently high temperatures (830—
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Fig. 5. PCL spectra: A-NC coating and multiphase Al,0O NPW.

960°C) and there is no final transformation of the
materials into the stable o phase even upon heating to
1400°C. The amount of oxygen vacancies in the A-NC
coating is significantly larger than in the multiphase
NPW, which is confirmed by the continuous growth of
the mass of the coating (TG curve in Fig. 4a) in the
temperature range 600—1400°C.

Chemically bound water is retained for much
longer in the NPW (up to =1300°C) than in the coat-
ing (600°C), which is preferable for the use of coatings
in various low-temperature applications.

The PCL spectra of the multiphase NPW and
A-NC coating on the basis of Al,O; are presented in
Fig. 5. Two wide bands in the green and red regions of
the spectrum are observed in the spectrum of the pow-
der sample. The spectrum of the coating comprises a
continuous wide band in the visible range wavelengths
of 350—900 nm.

The obvious difference in the PCL spectra of the
powder and the coating, which were obtained under
similar evaporation conditions (with differences only
in the time of evaporation and the “target—substrate”
distance) confirms their different phase compositions
and dependences of the phase formation in coatings
and NPW with the pulsed electron-beam evaporation
on the deposition time of NPs.

The preliminary studies of the thermo- and opti-
cally stimulated luminescence of the multiphase NPW
and coatings based on the pure and Fe-doped Al,O,
conducted in collaboration with researchers from the
department of Experimental Physics of the Ural Fed-
eral University and the Institute of Industrial Ecology,
Ural Branch, Russian Academy of Sciences, showed
promising results indicating the possibility of using the
abovementioned materials in the dosimetry of various
types of ionizing radiation [34].

CONCLUSIONS

Coatings and multiphase NPWs based on Al,O,
were obtained with pulsed electron-beam evaporation
in vacuum. The phase composition of the coatings and
NPW depends primarily on the deposition time of
NPs. The formation of the amorphous phase and var-
ious polymorphic phases of the Al,O; occurred in both
types of materials. The a and 0 phases of Al,O; were
found in the composition of NPW, which is not typical
for gas-phase methods. Both purely amorphous and
A-NC coatings containing minor fractions of the crys-
talline y phase were obtained. The specific surface area
of the multiphase Al,O; NPW reached 270 m?/g. The
minimum average size of the CSR of the y phase in
NPWs and coatings was 21 and 40 nm, respectively.
The routes of phase transformations in the NPW and
coatings upon dynamic heating to 1400°C were inves-
tigated with the DSC-TG method. The number of
oxygen vacancies in the A-NC coating is significantly
higher than in the multiphase NPW,

The cathodoluminescence of the NPW is charac-
terized with the presence of two wide bands with max-
imums at 495—510 and 695.6 nm. The PCL spectrum
of the coatings is presented as a wide spectral band in
the wavelength range 350—900 nm. The significant
difference in the PCL spectra of the powder and coat-
ings is caused by their different phase composition.

Luminescent characteristics of the coatings and
NPW and the relatively high thermal stability (830—
960°C) of the crystalline y phase forming as a result of
the crystallization of the amorphous component of the
materials offer promise for use in the dosimetry of

ionizing radiation, optoelectronics, and other
applications.
NANOTECHNOLOGIES IN RUSSIA Vol. 8 Nos. 3—4 2013
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