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Abstract—The ZnSe/Al,O; nanocomposite films synthesized by laser evaporation followed by heat treatment
are studied. X-ray diffraction and electron-microscopic investigations of the as-deposited films demonstrate
the presence of ZnSe crystallites in an Al,O; amorphous matrix. Annealing changes the structures of ZnSe
and Al,Os, increases the ZnSe crystallite size, and causes the appearance of the ZnSeO, phase. The presence
of aluminum oxide layers decreases the phase transformation temperature of zinc selenide.
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INTRODUCTION

Owing to quantum-size effects, the nanocompos-
ite structures containing nanocrystals of silicon, ger-
manium, gallium arsenide, and cadmium or zinc sul-
fides and selenides in oxide matrices (Al,O;, SiO,,
GeO,) have unique optical, photoluminescence, pho-
toelectric, and catalytic properties [1—10], including a
high selectivity and sensitivity to various gases [11].
The use of these nanocomposite structures with their
high photo-, gas-, and thermosensitivity opens up
fresh opportunities for designing combined sensitive
elements for fire detectors for extremely early detec-
tion of fire sources and for ecological monitoring of
atmosphere near hazardous plants and industrial cen-
ters and in thoroughfares.

The unique properties of low-dimensional materials
and structures need new methods for their creation [12].

Pulsed laser deposition with various lasers for tar-
get ablation appeared in the late 1970s [ 13—16] and was
widely used in flexible investigation techniques [12]. This
method is universal for the material to be deposited. It
makes it possible to exclude foreign impurities and to
control the growth of film structures, which is very
important for designing novel structures not produced
by standard technologies [17, 18].

‘When considering the properties of nanocrystalline
materials, researchers always take into account their
metastability, which results from a high energy intro-
duced in such materials. As compared to other well-
known nonequilibrium metastable states, a nanocrys-
talline state has no equilibrium state that can corre-
spond to it in structure and developed boundaries [19].
The following recrystallization processes occur in
nanomaterials even at ordinary temperatures during a
thermal action in force fields upon irradiation in the

course of long-term operation: phase transformations,
phase formation and decomposition, amorphization,
sintering, and pore (nanocapillary) healing [20]. The
sensor properties of composite films were improved
after annealing [21]. The effect of temperature on the
films grown under strongly nonequilibrium conditions
modifies their properties [22]. It is often useful to per-
form additional heat treatment to stabilize the proper-
ties of nanomaterials [20].

The purpose of this work is to study the structure
and the phase transformations in ZnSe/Al,O; nano-
composite films formed by laser evaporation followed
by heat treatment at various temperatures.

EXPERIMENTAL

ZnSe/Al,O; nanocomposite films were synthe-
sized by the formation of ZnSe/Al,O; multilayer sys-
tems and their subsequent heat treatment.

As substrates, we used single-crystal KEF-4.5 sili-
con (100) wafers, fused KU-1 quartz plates, and
cleaved NacCl single crystals. The silicon and quartz
substrates were cleaned in a concentrated NaOH solu-
tion and then washed with distilled water. The clean-
ness of the substrate was estimated from the wettability
of the substrate surface with water.

Film systems were grown by pulsed laser evapora-
tion in an ultrahigh vacuum device [23]. The vacuum
chamber was pumped out to ~2 x 10~ Pa and was
heated by an external heater to a temperature of 150°C
for 4 h. To sputter ZnSe and Al,O; targets, we used a
CL-7100 excimer laser at a radiation wavelength A =
248 nm, a pulse repetition frequency of 15 Hz, and a
pulse duration of 20 ns. The substrate temperature
during evaporation was maintained at a level of 20°C.
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Fig. 1. X-ray diffraction patterns of ZnSe/Al,O; films with
2-nm-thick ZnSe layers: (/) without annealing and
(2) annealing at 800°C.

Fig. 2. TEM image and electron diffraction pattern of the
ZnSe/Al,O3 system annealed at 800°C, magnification of
x100 000.

The first layer consisted of a 50-nm-thick Al,O; film,
and ZnSe (10 layers) then alternated with Al,O; (9 lay-
ers). The ZnSe layer thickness was 4 nm and 2 nm, the
Al,O; layer thickness was 2 nm, and the thickness of
the last upper Al,O; layer was 5 nm. The total multi-
layer system thicknesses were 113 and 93 nm, respec-
tively.
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Under the same technological conditions, we also
grew 170-nm-thick ZnSe films and 100-nm-thick
Al,O; films.

The grown multilayer ZnSe/Al,O; systems were

annealed in vacuum (P ~ 2 x 1072 Pa) at temperatures
of 600, 700, 800, 900, and 1000°C for 60 min.

X-ray diffraction (XRD) studies were performed
on a computer-assisted DRON-3.0 diffractometer
using Fe K, radiation in the Bragg angle range 30°—80°
at a step of 0.1° and a recording time of 40 s per point.

Electron-microscopic analysis of the ZnSe/Al,O,
nanocomposite films was carried out on an EM-125
transmission electron microscope (TEM).

RESULTS AND DISCUSSION

As follows from XRD analysis of the as-deposited
ZnSe/Al,O; multilayer systems with a ZnSe layer
thickness of 4 and 2 nm, zinc selenide is present in the
cubic modification (two broad diffraction lines with
interplanar spacings of 2.80 and 2.00 A, JCPDS 37-1463)
and aluminum oxide is amorphous. TEM data support
the XRD results. The synthesized films are continu-
ous. Their electron diffraction pattern corresponds to
zinc selenide with a sphalerite structure, and the
reflections corresponding to aluminum oxide are
absent. Therefore, the synthesized system consists of
zinc selenide and amorphous aluminum oxide crystal-
lites.

Vacuum annealing of the ZnSe/Al,O; films with a
ZnSe layer thickness of 4 and 2 nm at a temperature of
600, 700, 800, 900, and 1000°C leads to the formation
of zinc selenide crystallites of the hexagonal modifica-
tion (interplanar spacings of 3.41, 2.41, 1.70, and 153 A,
JCPDS 15-105). As the annealing temperature
increases, the diffraction lines corresponding to hex-
agonal zinc selenide become narrower, which indi-
cates the coarsening of crystallites. No cubic ZnSe is
detected after annealing (Fig. 1). Grain growth from
10 nm (600°C) to 100—200 nm (900 and 1000°C,
respectively) is detected (grain size was estimated by
the random intercept method). Electron micrographs
(taken at a magnification of x100000) of the samples
annealed in the temperature range 600—800°C exhibit
aggregates having a shell 2—3 nm thick (Fig. 2). These
aggregates have a spherical (average diameter of 10—
20 nm) or elongated (rectangular) shape and a size of
10 x 20 nm. No aggregates covered with a shell are
detected in the ZnSe/Al,O; nanocomposite films
annealed at 900 and 1000°C. Round small “grains”
about 5 nm in diameter are observed on the grain sur-
faces in the films annealed at 900°C, and such grains
are absent on the grain surfaces in the films annealed
at 1000°C.

An analysis of the electron diffraction patterns of
the annealed nanocomposite systems shows that zinc
selenide has the hexagonal structure of wurtzite.
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Fig. 3. TEM images and electron diffraction patterns of films: (a) ZnSe, (b) Al,O3, and (c) as-deposited ZnSe/Al,O5 system

(4-nm-thick ZnSe layers).

Moreover, zinc selenate ZnSeO, appears upon
annealing. Annealing at 800°C leads to the appearance
of the cubic modification of Al,O; (JCPDS 2-1421),
and aluminum oxide at 900°C has the structure of
corundum (a-Al,O5, JCPDS 42-1468). Electron dif-
fraction patterns point to grain growth with increasing
annealing temperature.

The as-deposited ZnSe films are polycrystalline
and zinc selenide has the cubic modification of
sphalerite (JCPDS 37-1463). The average grain size
estimated by the random intercept method is 8.6 =
0.6 nm (Fig. 3).

The ALO; film is homogeneous (Fig. 3), and its
electron diffraction pattern contains two diffuse halos
with point reflections. It should be noted that the film
thickness is significantly larger than the layer thickness
in the ZnSe/Al,O; systems under study. According to
[25], the crystallite size in films grown under the same
conditions depends on the film thickness.

The phase transformation from sphalerite into
wurtzite in zinc selenide occurs at 1698 K (1425°C)
[26]. This transformation took place at a lower tem-
perature upon vacuum annealing of the ZnSe/Al,O,
films. These results correlate with the data from [25, 26].
According to [27], ZnSe has the structure of sphalerite
(cubic ZnS) in the ZnSe/SiO, composite thin films
grown by the sol—gel method at a temperature of
500°C. The nanowires of thermally deposited zinc sel-
enide and coated with microwave sputtered SiO, and
the ZnSe nanowires coated with SiO, and annealed at
600°C in an O, or N, + H, atmosphere had a hexago-
nal structure [28].

The changes in the structure of the Al,O; layers
upon annealing of the ZnSe/Al,O; nanocomposite
films agree with the reported data on changes in the
structure of Al,O; films.
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Corundum a-Al,0O; and defect-type y-Al,O; spinel
are the most widespread and stable phases [29—31].
These phases can transform into each other, and this
transformation depends on the method of sample syn-
thesis, the presence of foreign atoms (impurities) in a
lattice and/or chemical catalysts, and an external
action [29, 30]. The results of studying the structures
of Al,O; films grown by various methods in vacuum
are presented in [32—43]. The data on the y-Al,O; —
a-Al,O; phase transformations are conflicting [34—36].

The authors of [36, 37, 39—42] detected the forma-
tion of an amorphous aluminum oxide in the tempera-
ture range 7; ~ 150—350°C for various deposition meth-
ods. Ultrathin amorphous aluminum oxide films with
nucleating a-Al,O; crystallites were studied in [33].

As was shown in [33, 38], a fine columnar (fibrous)
structure forms at a deposition temperature 7, ~ 350—
400°C and is retained up to 7, ~ 800°C. As tempera-
ture T, increases, clear diffraction lines corresponding
to a phase with an fcc spinel structure and a lattice
parameter that is close to that of y-Al,0O; appear
against the background of an amorphous (as deter-
mined by X-ray diffraction) phase. At 7, = 800°C,
X-ray diffraction patterns have a diffuse halo at low
angles (20 = 5°—30°), which points to the existence of
an amorphous component. The X-ray diffraction pat-
terns of samples thicker than 20 pm recorded at the
same temperature contain weak lines of a-Al,0;. At
T, ~ 940°C, the formation of multiphase condensates
consisting of a mixture of the y and a phases at various
a-phase contents was detected by an electron diffrac-
tion investigation. A more comprehensive study
showed that the first signs of changing the phase com-
position (appearance of pronounced reflections of the
thermodynamically stable a modification of Al,O; in
electron diffraction patterns) take place at 7, ~ 825°C.
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Vacuum annealing at 900°C for 1 h of the Al,O,
condensates grown in the low-temperature range leads
to the recrystallization of an amorphous matrix and
the appearance of polycrystalline y-Al,O; [33]. It was
assumed that the o phase could not form because of a
too low annealing temperature or a too short anneal-
ing time for the y-Al,O; — a-Al,O; phase transforma-
tion.

The temperature range of the y — a phase transfor-
mation is 700—1000°C for various methods of film
deposition and various condensate thicknesses [33,
40, 43—45]. The amorphous Al,O; layers in the
ZnSe/Al,0; nanocomposite films undergo such phase
transformations upon annealing.

The appearance of ZnSeQ, is likely to be related to
the fact that the aluminum oxide deposited onto a sub-
strate heated to 350—400°C has a spongy surface with
a well developed network of channels and pores, and
the corresponding films have defects [33]. Note a wide
application of the low-temperature modifications of
aluminum oxide, in particular, y-Al,O;, in the catalyst
industry [45]. We can also assume partial zinc reduc-
tion of aluminum upon annealing due to the high oxi-
dation affinity of zinc.

CONCLUSIONS

The formation of ZnSe/Al,0; nanocomposite
films during laser evaporation followed by heat treat-
ment at 600, 700, 800, 900, and 1000°C for 60 min was
studied. The films consist of a 50-nm-thick Al,O; sub-
layer, alternating ZnSe layers (10 layers) 4 and 2 nm
thick and Al,O; layers 2 nm thick, and an upper 5-nm-
thick Al,O; layer. The total multilayer system thick-
nesses were 113 and 93 nm, respectively.

TEM images of the as-deposited ZnSe/Al,O; sys-
tems showed that they were continuous. Annealing
was found to change the structure of ZnSe, to increase
the crystallite size, to change the structure of Al,O;,
and to result in the appearance of ZnSeO,. The pres-
ence of aluminum oxide layers decreases the tempera-
ture of the phase transformation in zinc selenide.

The changes in the structure of the Al,O; and ZnSe
layers upon annealing of ZnSe/Al,O; nanocomposite
films agree with the reported data on changing the
structure of Al,O; films grown by various methods in
vacuum and with the phase transformations in zinc
selenide. We failed to find a discussion of the appear-
ance of ZnSeQ, in the ZnSe/Al,O; system.
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