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Abstract—Specific features of the formation of nanoporous Al,O5, AIN, and Ni(Fe+Al),0, films on sapphire
substrates by thermal sputtering of metals with subsequent firings in an appropriate gas medium are studied.
This synthesis process involves interaction of the metal solid phase with an active ambient gas medium (oxy-
gen or nitrogen), some other chemical reactions, diffusion, and crystallization. It can be controlled via a set
of synthesis parameters to achieve desired film properties and structure. It is shown that variations in the
thickness of initial metal films, annealing temperature and time, and sample heating rate affect the run and
completeness of the above processes and allow one to obtain films with a required structure (in particular,
films with a nanoporous structure with pores 10—200 nm in size).
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INTRODUCTION

Nanoporous films and coatings are of great interest
for researchers and engineers, due to their properties
caused by violation of homogeneity of the solid phase.
The most important representatives are “porous sili-
con,” with its unique optical properties [1], cellular
layers of anodized aluminum [ 1], various porous metal
and oxide structures [2], and polymer track mem-
branes [3] as a basis for the technology of template
synthesis of micro- and nanostructures. A surface of
sapphire substrates with a microrelief for epitaxy of
single-crystal AIN and GaN films at significant mis-
match between substrate and film metrics can also be
considered as a porous coating [4]. Chemical and elec-
trochemical etching, in combination with ionizing
irradiation or photolithography, are widely applied for
the formation of porous films and coatings [1, 3, 4].
The range of application of continuous thin films of
various compositions in micro- and optoelectronics,
electrical engineering, informatics, and sensorics con-
tinuously increases, as well; methods of formation of
functional thin films with desired composition and
structure have been developed [5].

Apparently, one of the simplest such methods
implies thermal sputtering of metal onto a substrate
and subsequent annealing in an appropriate gas
medium: for example, polycrystalline films of the
ZnO [2], Fe,05 [6], and Al,O; [7] compounds can be
obtained using chemical reactions in the solid phase.
Obviously, the processes of synthesis of polycrystal-
line or amorphous films by this way can be described

and interpreted using methods of thermochemistry of
metal and alloy surfaces [8].

In this paper, we report the results of studying spe-
cific features of the formation of nanoporous Al,O;,
AIN, and Ni(Fe+Al),0, films on sapphire substrates
by thermal sputtering of metals with subsequent firings
in an appropriate gas medium. This synthesis process
suggests interaction between the solid metal phase and
air oxygen and significant inhomogeneity in the film
structure and composition, which are determined by
the type and rate of chemical reactions, diffusion, and
crystallization. Variations in the thickness of initial
metal films, annealing temperature and time, and
sample heating rate affect the run and completeness of
these processes and allow one to obtain films with a
required structure (in particular, films with pores 10—
200 nm in size).

EXPERIMENTAL

Experiments on the formation of aluminum thin
films and their subsequent nitridation on (0001) sap-
phire substrates (Al/Al,O;) were carried out in a single
vacuum cycle in a vacuum chamber with oilless pump-
ing (P, =2 % 10~* Pa) equipped with two independent
resistive platinum heaters for the sputtered metal and
substrate and observation windows. After placing a
substrate and special-purity aluminum particles
(99.999%) on corresponding heaters, the chamber was
evacuated, and a metal layer 10—50 nm thick was
deposited on the unheated substrate by thermal sput-
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Fig. 1. (a) TEM image of the sapphire substrate with the nanoporous aluminum oxide film after annealing of the Al/Al,03 com-
posite in air at 1400°C for 1 h at a heating rate of ~300°C/h (the electron diffraction pattern from the film surface recorded in
reflection geometry is given in the inset). (b) SEM image of the AIN/Al,Oj5 film surface heated to a temperature of 1200°C at a

rate of ~300°C/h and kept for 1 h.

tering. Then the chamber was filled with special-
purity nitrogen (using a GChA-18-KD nitrogen gen-
erator), and the substrate with the aluminum layer was
heated to a temperature of 1200°C at different rates.

For oxidation experiments, Al films and multilayer
structures containing Fe, Al, and Ni layers were
deposited by the magnetron sputtering method. The
magnetron sputtering setup was equipped with a tur-
bomolecular pump providing limiting residual pres-
sure of no higher than 1 % 103 Pa and three planar
magnetron units for target sputtering. Metal (Al, Fe,
and Ni) targets (purity 99.99%) were sputtered in
99.999%-pure argon at the operating pressure of
0.5Pa in the discharge power stabilization mode
(110 W). The substrates were original plates ~10 X
10 X 0.5 mm in size cut from standard sapphire sub-
strates for epitaxy with the C(0001) orientation. The
metal deposition rate and mean layer thickness were
measured by a KIT 5 quartz meter. Subsequent
annealing of the metal films in air was performed in
the temperature range of 550—1400°C for 20—60 min
using a tube furnace (Nabertherm).

The phase, chemical, and morphological analyses
of the films obtained were carried out by X-ray diffrac-
tion methods on an X’PERT PRO diffractometer
(PANalytical, the Netherlands) in the Bragg—Bren-
tano reflection geometry using the CukK, radiation
(A =1/5418 A) and a Ni B filter, transmission electron
microscopy (TEM) using a Scios electron micro-
scope, scanning electron microscopy (SEM) on a
JEOL electron microscope, and energy-dispersive
X-ray analysis (EDXA). Microhardness of the alumi-
num oxide films on sapphire were determined using a
NanoSkan-3D scanning nanoindenter (TISNUM,
Troitsk). Magnetization was measured with a Lake
Shore vibrational magnetometer (model 7407) in
fields up to 15 kOe at room temperature.
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RESULTS AND DISCUSSION

Studies of the morphology of AIN and Al,O; films
grown on sapphire by solid-phase epitaxy showed that
continuous films without pores are formed upon slow
heating (50°C/h) of a metal film in an appropriate gas
medium (N, or air) [9, 10]. Under the conditions of
relatively fast heating of a furnace with a sample
(=300°C/h) to the solid-phase synthesis temperature,
both closed and open porosity are formed in epitaxial
structures of aluminum nitride and oxide. Figure la
presents a cross-cut TEM image of the epitaxial Al,O,
film ~110—160 nm thick formed upon fast heating
(300°C/h) of an aluminum thin film on sapphire in air
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Fig. 2. Mechanical loading—unloading curves of the
obtained nanoporous aluminum oxide films on sapphire.
Arrows indicate steps due to the pop-in effect.
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to a temperature of 1400°C and subsequent annealing
at this temperature for 1 h. One can see that the
formed oxide film contains pores with linear sizes up
to 200 nm. The surface structure of the epitaxial AIN
film obtained upon fast heating of the composite
(Al/AL,O3) to a temperature of 1200°C in ultrapure
nitrogen also indicates the porosity of its structure
(Fig. 1b).

In addition, the mechanical properties of
nanoporous aluminum oxide films grown on sapphire
by solid-phase epitaxy were analyzed by recording
loading—unloading curves (Fig. 2). A distinctive fea-
ture of the curves was the presence of pop-in effects
[11, 12]. The first pop-in step, the length (8—18 nm)
and position (120—150 nm) of which depend on the
region of recording the curve in the sample, and the
second step with a smaller length (5—8 nm) were
found. The change in the position of the first pop-in
step in the loading curves corresponds to a significant
inhomogeneous in thickness of the Al,O; film on sap-
phire (Fig. 1a) and indicates the local film—substrate
interface. Different lengths of the first pop-in step in
the curves indicate different thicknesses of the defect
transition layer at the film—substrate interface, in
which the whole plastic deformation is most likely
concentrated. In addition, the curve slope changes
significantly when passing from the film to the sap-
phire substrate, which indicates lower mechanical
hardness of the porous film. The pop-in step observed
upon deepening beyond 220 nm is related to achieve-
ment of the maximum shear stress under an indenter,
which causes onset of plastic deformation in the sap-
phire substrate via nucleation of intragranular disloca-
tions after the initial elastic portion in the curve. Note
that the angle between the unloading curve and the
abscissa axis is close to 50°—60°, which is indicative of
pronounced elastic deformations in the sapphire bulk.

A ferrite spinel Ni(Fe+Al),0, film was synthesized
using a more complex multilayer precursor, in which
the bottom Fe layer and the top Ni layer were sepa-
rated by a thin Al interlayer (Fig. 3). Annealing of the
precursor in air at 750°C for 5 h led to oxidation of the
components and formation of the Ni(Fe+Al),0,
compound with a spinel structure and alloyed nickel
and iron oxides (NiO:Fe, FeO:Ni, and Fe,0;:Ni).
The X-ray diffraction pattern (Fig. 4) shows dominant
content of the ferrite phase with a spinel structure in
the synthesized film. It was difficult to estimate more
thoroughly the phase composition, because of signifi-
cant fluorescence observed in the X-ray diffraction
pattern (Fig. 4), which was due to strong absorption of
primary X-ray CukK, radiation by the film material
[13]. The formation of a film based on nickel ferrite
spinel is also indicated by its ferromagnetic properties
(Fig. 5). However, values of the saturation magnetiza-
tion and coercive field for the obtained Ni(Fe+Al),0,
film were much larger than those obtained previously
for NiFe,O, films [14], which indicates the presence of
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Fig. 3. (Color online) EDXA distribution map of Al, Ni,
and Fe in the initial Ni/Al/Fe/sapphire multilayer struc-
ture.
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Fig. 4. (Color online) X-ray diffraction pattern of the
Al—Ni—Fe/sapphire composite subjected to annealing in
air at 750°C for 5 h: (indices) reflections of ferrite with a
spinel structure, (*) substrate reflections, and (/) intensity.
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Fig. 5. (Color online) Magnetization curves of the ferrite
spinel Ni(Fe+Al),04 film measured in a magnetic field

applied (/) parallel and (2) perpendicular to the film plane.

a significant fraction of the Fe;O, magnetite phase in
the synthesized film. In addition, the film is charac-
terized by the absence of pronounced magnetic
anisotropy inherent in epitaxial NiFe,O, films.

Electron microscopy of cross cuts of the obtained
nickel ferrite spinel film (Fig. 6) shows that its struc-
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Fig. 6. (Color online) EDXA distribution maps of (a) Al, Ni, and Fe; (b) aluminum; (c) and oxygen in the Al-Ni—Fe/sapphire
composite annealed in air at 750°C for 5 h.
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ture differs significantly from that of NiFe,O, films
prepared from multilayer metal precursors with layer
thicknesses from 1 to 2 nm [14]. Noteworthy features
of Fig. 6a are displacement of significant iron amounts
from the substrate above nickel layers, formation of
large voids, and presence of an aluminum layer (obvi-
ously, in the form of oxide) at the same distance from
the substrate (Fig. 6b) as in the initial precursor
(Fig. 3). Complete oxidation of the multilayer precur-
sor is also of interest (Fig. 6¢).

A comparison of the structures of all films of three
different compositions revealed the main factors that
provide formation of nanoporous films. The observed
formation of nanopores in the oxide or nitride films
(Fig. 1) at these methods of their synthesis from a pri-
mary metal (aluminum) film can be due to the lag
between the aluminum oxidation or nitridation pro-
cesses and the processes of metal melting and evapo-
ration in a space between the sapphire substrate and
the strong oxide (or nitride) film on the metal surface,
as well as the significant decrease in the metal density
(down to 11%) in the liquid phase. The pressure on the
still thin oxide (or nitride) film leads to the formation
of hillocks on its surface and even its rupture. In this
case, the governing parameters are thickness of the
primary aluminum film (more than 50 nm) and high
precursor heating rate during the synthesis of alumi-
num oxide or nitride films (~300°C/h or higher).

The observed structural features of the obtained
film based on nickel ferrite spinel can be explained by
significant differences in the activities of initial metals
(Ni, Fe, and Al), the degrees of their oxygen affinity,
which increases in the Ni—Fe—Al series, and the den-
sities of metallic iron and iron oxides [14]. Indeed, air
oxygen begins to diffuse intensely into the multilayer
metal film upon heating of the precursor, and alumi-
num (the most active element) is first to be oxidized,
forming a thin and strong aluminum oxide layer. Then
the lower layer of rather active iron begins to be oxi-
dized according to the reaction [15]

4Fe + 30, = 2Fe,0..

The density of oxide Fe,05 is 33% lower than the
metallic iron density; therefore, the layer of oxidized
iron begins to expand in the normal and tangential
(with respect to the substrate) directions. Mechanical
coupling between the precursor layers due to diffusion
of elements, chemical bonds, and tangential stress
leads to the formation of discontinuities in aluminum
and nickel oxide films, thus opening a channel for
intense oxidation of metallic iron by air oxygen, while
normal stress (pressure) carries away a significant
amount of iron oxide to the film surface through these
discontinuities. Voids inside a film based on nickel fer-
rite spinel can thus be formed. In this case, the govern-
ing parameters are thickness of primary metal (nickel
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and iron) layers (~200 nm), sequence of their deposi-
tion relative to the substrate, and the precursor heating
rate upon annealing (~300°C/h or more).

CONCLUSIONS

It was shown by the example of Al,O;, AIN, and
Ni(Fe+Al),0, films that nanoporous films can be
formed without chemical etching by deposition on
sapphire substrates by thermal sputtering of metals
with subsequent annealing in an appropriate gas
medium (due to the self-organization processes in
materials upon annealing). The governing parameters
for this synthesis process are the thicknesses of pri-
mary metal layers (~200 nm for nickel and iron and
more than 50 nm for aluminum), the sequence of layer
deposition relative to the substrate, and the precursor
heating rate during annealing (~300°C/h or higher).
We suggest that this approach can be implemented for
the formation of nanoporous films with different com-
positions and unique optical and magnetic character-
istics.
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