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Abstract—Aluminum nitride films have been synthesized by reactive magnetron sputtering on n-Si(100) sub-
strates. AlN layers with thicknesses from 2 to 150 nm were obtained to establish a correlation between the
structure of the films and their electrical conductivity. Electron microscopy revealed that the amorphous
structure of the films passes to nanocrystalline one while moving away from the substrate surface. Films with
thicknesses below 20 nm had a high conductivity: up to 10 (Ω cm)–1; with an increase in thickness the con-
ductivity dropped to 10–7 (Ω cm)–1. The high conductivity of thin AlN layers is believed to be due to the high
density of the boundaries of grains built-in into amorphous matrix.
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INTRODUCTION
Silicon surface-barrier detectors of nuclear radia-

tion based on Schottky barriers Al–(p-Si) exhibit vari-
ability of working parameters during their operation.
One of possible solutions to this problem implies
introduction of a tunnel-transparent aluminum
nitride (AlN) layer between the metal contact and
semiconductor [1, 2]. It was shown in [1] that metal–
AlN–(p-Si) structures are characterized by higher
temporal stability and lower leakage currents in com-
parison with Schottky barriers. At the same time, the
nature of the states at the AlN–(p-Si) interface and
the mechanisms of current transport in an AlN film,
which are responsible for charge losses and level of
low-frequency noise in the detector, have been studied
insufficiently well to formulate recommendations for
optimizing the manufacturing technologies of the
aforementioned structures.

An important condition for the manufacturing
technology of such structures is sufficiently low sub-
strate temperature, at which thermal defects are not
generated in it, and diffusion of impurity atoms
through interfaces is absent. This condition can be ful-
filled using reactive magnetron sputtering (RMS).
A number of works have been devoted to the analysis
of growth conditions for AlN films formed by RMS on
the surface of silicon substrates. Generally, these films
are nanocrystalline ones; they have a wurtzite struc-
ture, high density, and a well-developed columnar

structure with grains from several nanometers to sev-
eral tens of nanometers in diameter. In correspon-
dence with the generally accepted point of view, a nec-
essary condition for growing an oriented film is the
high mobility of adatoms: having a sufficient kinetic
energy, these atoms can occupy thermodynamically
equilibrium sites [3–7]. The mobility of adatoms is
provided by high substrate temperature and energy
transfer from the atoms and ions adsorbed on the sur-
face. At a low substrate temperature and relatively low
preliminary vacuum in the chamber, which are often
caused by technological features, the quality of grown
AlN films is deteriorated. This deterioration manifests
itself in the reduction of the orientational order of
grains and formation of an amorphous layer between
the substrate and film bulk [8–11]. As was established
in [12], an amorphous aluminum nitride layer several
nanometers thick may arise at low substrate tempera-
tures even when the growth chamber is preliminarily
pumped to ultrahigh vacuum. At low adatom energies
the formation of an amorphous layer facilitates lattice
matching between the substrate and nanocrystalline
film. A correct choice of the working pressure in the
chamber, gas mixture composition, magnetron–sub-
strate distance, and magnetron power may compen-
sate for the effect of low substrate temperature and
provide formation of high-quality nanocrystalline
AlN films [7]. As follows from the results of [4–6, 9,
11, 13–17], there is a wide range of parameters for
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standard RMS systems, in which growth occurs under
conditions close to thermodynamical equilibrium,
and the c axis of deposited AlN films is oriented per-
pendicular to the substrate surface, independent of the
substrate type. The optimal values of the aforementioned
parameters were estimated in [3–6, 10, 13–16, 18, 19].

However, the main reason for the occurrence of an
amorphous layer during growth of AlN films in vac-
uum chambers of standard RMS systems is the pres-
ence of residual oxygen [9, 16]. As compared with
nitrogen, oxygen has a much higher chemical activity
in compounds with aluminum. The changes in the
Gibbs free energies for the reactions of formation of AlN
and Al2O3 are, respectively, −253 and −1480 kJ/mol [9],
which makes oxidation much more preferred than
nitride formation. The changes in the chemical com-
position and texture of AlN films with an increase in
the distance from the substrate surface were investi-
gated in [9, 20], where these changes were found to be
due to the decrease in the substrate influence and
reduction of the residual oxygen pressure during film
growth. As was noted in [21], a change in the oxygen
content in an AlN film may affect significantly its
electrical properties, in particular, electrical conduc-
tivity.

There are only few works [21–24] where the elec-
trical conductivity of AlN films deposited on silicon
substrates was estimated. These estimates show that
the RMS-produced AlN films with thicknesses
exceeding several hundreds of nanometers are insulat-
ing and can be used as a gate insulator material with
a high permittivity. Currently, there are no data in the
literature on the conductivity of thinner AlN layers
formed on silicon, whose texture and chemical com-
position are most strongly affected by residual oxygen.

In this study aluminum nitride films were synthe-
sized by RMS on silicon substrates under the condi-
tions close to optimal [4–6, 15, 16]. AlN layers with
thicknesses from 2 to 150 nm were grown to establish
a correlation between the structure and electrical con-
ductivity of the films. The film morphology and struc-
ture were analyzed using a scanning electron micro-
scope (SEM) and a transmission electron microscope
(TEM). To minimize the bulk resistance of the formed
structures and remove the surface compensated layer
formed in p-Si as a result of acid etching (these factors
impede electrical conductivity measurements), sub-
strates were cut from low-resistivity n-Si wafers. The
electrical conductivity of the films was estimated from
the current–voltage (I–U) characteristics of metal–
insulator–semiconductor (MIS) structures Au–AlN–
(n-Si).

PREPARATION OF SAMPLES
AND EXPERIMENTAL EQUIPMENT

AlN films were synthesized by means of a TORR
vacuum system (TORR International, INC) with
CR
a magnetron operating in the ac current mode with
a frequency of 13.56 MHz and specified power of
150 W. A gas mixture of nitrogen and argon with puri-
ties of 99.9999 and 99.998%, respectively, was used.
The partial gas pressures were 2.5 × 10−3 Torr for
nitrogen and 3.0 × 10−3 Torr for argon; they were
maintained automatically using leak valves. The alu-
minum (purity of 99.9999%) target was 50.8 mm in
diameter. The distance between the target and sub-
strate during deposition was 50 mm. Silicon substrates
were located on a holder and oriented normally to the
plasma flow. During deposition the holder tempera-
ture was maintained equal to 250°С. The film thick-
ness was measured using a calibrated piezoelectric
sensor and then monitored with the aid of an electron
microscope.

Substrates for film deposition were cut from wafers
of degenerate n-Si with an upper moderately doped
epitaxial layer. The thicknesses of the wafer and epi-
taxial n-Si(100) layer were, respectively, 650 and 5 μm;
their resistivities were 0.025 and 5 Ω cm, respectively.
Before deposition the substrates were etched in an
aqueous solution of hydrofluoric acid (HF : H2O = 1 : 10)
for 1 min at room temperature to remove native oxide.
After etching a substrate was placed on a mobile holder
in the vacuum chamber; the holder was spaced from
the magnetron and closed with a shutter. To remove
molecules of adsorbed gases and water from the sur-
face of substrates, the latter were kept in vacuum (1 ×
10−5 Torr) at a temperature of 500°С for 30 min, after
which the holder temperature was lowered to 250°С.
The aluminum target surface was cleaned by supplying
an argon f low corresponding to a pressure of 1.2 ×
10−2 Torr, and the magnetron was switched on at
power of 150 W. After the 5-min target cleaning,
a nitrogen flow corresponding to a pressure of 2.5 ×
10−3 Torr was supplied, and the partial argon pressure
was reduced to 3 × 10−3 Torr. After the time necessary
for establishing a stationary deposition rate at a level of
0.4 Å/s, the holder with a substrate was moved towards
the magnetron, and the shutter was opened. When the
film thickness reached the specified value, the magne-
tron was switched off, the gas supply was stopped, and
the prepared sample was kept in vacuum for 15 min at
a temperature of 250°С.

To form MIS structures, gold contacts 1.5 mm in
diameter and 50 nm thick were deposited on the sur-
face of prepared AlN films. Ohmic contacts were
deposited on the rear side of the substrates using gal-
lium–aluminum eutectics. Series of Au–AlN–(n-Si)
structures with different film thicknesses (from 2 to
150 nm) were prepared in the same way. In addition,
an initial Au–(n-Si) diode was fabricated from the
same silicon wafer to measure the base resistance.

A lamella 500 × 500 × 50 nm3 in size was addition-
ally cut from a sample with a 120-nm AlN film to per-
form a TEM study of the microstructure.
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Fig. 1. SEM images of AlN films grown by RMS on n-Si(001) substrates. The films with thicknesses of (a) 2 and (b) 6 nm are
continuous and amorphous, with nanocrystalline inclusions. The films with thicknesses of (c) 38 and (d) 150 nm are nanocrys-
talline, with a columnar texture.
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The morphology and microstructure of deposited
films were analyzed using a SEM Merlin (Carl Zeiss)
and a TEM Libra 200 (Carl Zeiss). The I–U charac-
teristics of fabricated MIS structures were measured
using a Keithley 6517B electrometer.

MEASUREMENT RESULTS

Morphology and Microstructure Films

Figure 1 shows typical surface SEM images of sam-
ples with AlN film thicknesses equal to 2, 6, 38, and
150 nm. All deposited films, up to 2 nm thick, were
continuous. As can be seen in the images, the mor-
phology and texture of the films changed with
a change in their thickness. Most of the volume of the
thinnest films was occupied by amorphous phase
(Figs. 1a, 1b). Nanocrystalline grains distributed over
it had a size approximately equal to the film thickness.
With an increase in the film thickness, the size of
grains increased, the volume of the amorphous mate-
rial between grains decreased, and the film acquired
a columnar texture (Figs. 1c, 1d). As can be seen in
Fig. 1d, the transverse grain size in thicker films
increased from several nanometers to several tens of
nanometers with an increase in the distance from the
substrate surface.
CRYSTALLOGRAPHY REPORTS  Vol. 69  No. 1  202
Changes in the film structure with a change in the
distance from the silicon substrate can be observed in
the TEM image of the sample cross section obtained
on a lamella (Fig. 2a). Near the silicon surface one can
select amorphous layer I with a thickness ~10 nm,
containing rare nanocrystalline grains ~5 nm in size.
With an increase in the distance from the substrate,
the grain density increases. In layer II amorphous and
crystalline phases have comparable volumes; the grain
size increases to 10 nm. In layer III, at distances from
the substrate surface exceeding 30 nm, the nanocrys-
talline phase occupies the entire film volume; the
grain size increases to 20–50 nm.

Figure 2b shows an electron diffraction pattern
obtained on a lamella using a TEM. One can see
a central white disk and diffraction maxima, located
on concentric circumferences. Such a pattern is gener-
ally observed when the volume studied contains both
amorphous and crystalline regions, with grains mis-
oriented relative to each other.

The measured diffraction ring diameters, distances
from the sample to the detecting chamber, and speci-
fied electron wavelength λ make it possible to estimate
the interplanar spacing in nanocrystals using the
Wulff–Bragg’s law: 2d  = λn, where d is the inter-
planar spacing, θ is the diffraction angle, and n is the

θsin
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Fig. 2. (a) Cross-sectional TEM image of the sample with a 120-nm-thick AlN film, obtained on a 50-nm-thick lamella.
The accelerating voltage is 200 kV. Dashed lines separate amorphous layer I, located on the substrate surface; transition layer II
with amorphous and nanocrystalline phases; and nanocrystalline layer III. (b) Electron diffraction pattern obtained on the
lamella. The bright disk in the central part is due to the presence of amorphous phase in the film. Numbers 1–6 denote concentric
circumferences with diffraction maxima, caused by reflection from families of crystallographic planes. The diffraction maxima
due to the silicon substrate are observed in the left bottom corner. 
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diffraction order. The results of these estimates are

presented in Table 1, according to which, rings with

numbers 2 and 5 correspond with high accuracy to the

second diffraction order from the (0001) and (10 0)

planes of AlN single crystals with a wurtzite structure

[25]. Rings 1 and 6 may be due to the diffraction from

the family of (1 10) planes of crystalline AlN. How-

ever, it is unlikely that rings 3 and 4 are due to the dif-

fraction from an AlN crystal. In accordance with [26],
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Table 1. Calculated d/n ratios for the diffraction rings
in Fig. 2b

Relative deviations D of the obtained values of interplanar spac-
ings from the lattice parameters of AlN (wurtzite lattice) [25] and
AlON (cubic lattice) [26] single crystals are given (clarification in
text).

Ring
d/n, 

Å
n

Lattice

parameters, Å
Material Plane D, %

1 2.91 1 AlN (1 10) 7

2 2.49 2 AlN (0001) 1

3 1.93 4 AlON (001) 3

3 AlON (110) 4

4 1.76 2 AlON ( 20) 6

5 1.75 2 AlN (10 0) 1

6 1.48 2 AlN (1 10) 5

= 3.11a 2

= 4.98c
= 7.94 a

=2
5.61

2

a

=2
3.73

3

a
1

=5
3.48 

2

a
1

= 3.11a 2
the obtained values of d/n ratios may correspond to
the diffraction from the (001), (110), and (120) planes
of cubic aluminum oxynitride AlON. High oxygen
content in the deposited films was detected by X-ray
microanalysis (SEM-EDS). It was found that the oxy-
gen concentration is highest in amorphous layer I
(Fig. 2), whose composition is close to alumina Al2O3.

Results of Electrical Measurements
To estimate the electrical conductivity of deposited

AlN films, we measured the I–U characteristics of
Au–AlN–(n-Si) structures. At high forward voltages,
the space charge region is absent in a semiconductor,
and the current is determined by the series resistance
of the structure, consisting of the semiconductor sub-
strate and film resistances. The series resistance can be
found from the slope of this part of the I–U character-
istic. As follows from the data obtained, the resistance
of even the thinnest films was several ten times higher
than the silicon substrate resistance. Thus, the form of
the forward I–U characteristic of the samples studied
in the range of high forward voltages was determined
by the resistance of the AlN films.

Figure 3 shows the forward I–U characteristic of
some investigated samples with AlN films having
thicknesses from 2 to 110 nm. As follows from the
plots, an increase in the film thickness above 10 nm
sharply weakens the forward currents through the
structure. Three groups of curves can be selected,
which approximately correspond to ranges of thick-
nesses I (2–10 nm), II (25–35 nm), and III (55–
110 nm) (Fig. 2a).
YSTALLOGRAPHY REPORTS  Vol. 69  No. 1  2024
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Fig. 3. Forward I–U characteristics of Au–AlN–(n-Si)
structures. The AlN film thicknesses (in nm) are indicated
near the corresponding curves. The temperature is 294 K. 
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Fig. 4. Dependences of the conductivity on voltage for
Au–AlN–(n-Si) structures with different thicknesses of
AlN films, calculated from the forward I–U characteristics.
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Figure 4 shows the dependences of the structure
conductivity G on voltage U, calculated from the I–U
characteristics: G(U) = dI/dU. One can see that the
conductivity of each sample increases with an increase
in voltage and reaches a value that barely changes with
a further increase in voltage. In correspondence with
the above considerations, these values of the sample
conductivity were used to calculate the specific con-
ductivity of deposited AlN films.

Figure 5 shows the dependence of the calculated
conductivity σ of deposited AlN films on their thick-
ness h: σ = Gh/S, where S is the contact area. As can
be seen in the figure, films with thicknesses of several
nanometers had a fairly high conductivity at room
temperature. The conductivity rose almost linearly
with an increase in film thickness: from 1.5 (Ω cm)−1

for h = 2 nm to 10 (Ω cm)−1 for h = 15 nm. However,
with a further increase in thickness the film conductiv-
ity dropped and amounted to ~3 × 10−7 (Ω cm)−1 at
h = 110 nm. The kink in the characteristic was located
in region II at thicknesses ~20 nm.

DISCUSSION
The electron microscopy data demonstrated that

the deposited AlN films contained both crystalline
and amorphous phases. The amorphous phase was
mainly concentrated in thin layer I, adjacent to the
substrate surface. As was noted above, the amorphous
layer is apparently due to the presence of residual oxy-
gen in the vacuum chamber [9, 16]. The high oxygen
CRYSTALLOGRAPHY REPORTS  Vol. 69  No. 1  202
concentration in the initial layers of deposited films
could cause their amorphization [27, 28]. While the
residual oxygen was consumed during gettering by
sputtered aluminum, AlN grains have been arising
increasingly in the film. In the beginning, rarely
located and randomly oriented grains were formed in
amorphous layer I. Gradually their location density in
the amorphous matrix and their size increased (layer II).
With a further decrease in the oxygen concentration
the amorphous phase disappeared, and growth of an
oriented nanocrystalline AlN film (layer III) began.
The observed sequence of layers in the film cross sec-
tion in Fig. 2a corresponds to the data of [9, 20], where
similar images were reported and schematic models of
AlN film growth during magnetron sputtering were
presented. The estimated oxygen concentrations in an
AlN film, where the above-described changes in the
film morphology and structure were observed, can be
found in [27]. At an oxygen content more than 50%,
the film material becomes amorphous; short 5-nm-
thick rods arise at 30% oxygen; a columnar texture
with many defects and grain thickness of ~10 nm
begins be formed at 15% oxygen; and the grains are
straightened and their thickness increases to 30 nm at
an oxygen content less than 5%. This pattern is also
consistent with the results of [29], where it was shown
that the AlN grain size increases with a decrease in the
oxygen content in the film.

Note that the desorption from chamber walls par-
tially compensates for the oxygen loss caused by get-
tering. The significant oxygen content in all film layers
4
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Fig. 5. Dependence of the conductivity on the thickness of
deposited AlN films. The temperature is 294 K. Regions I,
II, and III, corresponding to the layers in Fig. 2a, are indi-
cated. Dotted lines are the dependences σ(h) at thick-
nesses smaller or larger than 20 nm.
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can be explained by this effect. The diffraction pattern
in Fig. 2b contains a ring, corresponding to the cubic
phase AlON. However, it was shown in [27] that the
presence of oxygen in an AlN film (up to 30% concen-
tration) does not lead to the formation of crystalline or
amorphous AlON phase. Only the crystalline AlN
phase with a wurtzite structure is recorded. This con-
tradiction requires additional structural studies of AlN
films obtained by RMS.

The influence of oxygen on the crystal structure of
AlN single crystals was investigated in [30–36], where
it was found that oxygen is a substitutional impurity at
concentrations below 1%. When nitrogen is replaced
with oxygen, aluminum vacancies are formed to pre-
serve the charge balance in the lattice; along with oxy-
gen atoms, these vacancies become correlated point
defects [30–32]. When the oxygen concentration
increases to 6%, aluminum, oxygen, and nitrogen
form octahedral inclusions, which are structural units
of planar defects: inversion domain boundaries
(IDBs), dividing domains with a specularly symmetric
structure [33–36]. Generally, IDBs lie in the basal
plane, but they may bend and pass into the prismatic
plane of wurtzite lattice. IDBs are extended lattice
defects [34–36]. Specifically defects of this type
(IDBs, jointly with grain boundaries) can be responsi-
ble for the higher electrical conductivity of polycrystal-
line samples in comparison with single crystals [37, 38].
CR
The AlN films investigated in this study, whose
thicknesses are below 20 nm, are characterized by
a high oxygen content and, as a consequence, a small
size of crystallites and a high density of their boundar-
ies. This circumstance may explain their high conduc-
tivity (see Fig. 5). An increased conductivity along
grain boundaries was found in undoped polycrystal-
line diamond films [39]. An analysis of the tempera-
ture and frequency dependences of the conductivity
suggested that the carrier transport occurs according
to the hopping mechanism, which is implemented at
high density of electronic states at boundaries. Yanev
et al. [40] observed a high current density at grain
boundaries in nanocrystalline HfSixOy and ZrO2 films
using scanning tunnel microscopy; its value signifi-
cantly exceeded the bulk current density.

According to the aforesaid, one can suggest that the
rise in the conductivity in the initial portion of the
curve (Fig. 5), at thicknesses from 2 to 20 nm, may be
due to the increase in the density of grain boundaries
because of the increase in the number of grains and
their increasing proximity in the amorphous matrix
with increasing oxygen consumption in the chamber.
At small film thicknesses many grains grow from the
substrate to the film surface, and the current transport
can freely be performed along their boundaries. With
a further decrease in the oxygen concentration, crys-
tallites begin to increase in size, they occupy the entire
film volume, and the boundary density begins to
decrease. Thus, the zone of nanocrystalline film
growth is located on the right from the point of maxi-
mum in the dependence of conductivity on thickness
(Fig. 5), and the zone of mixed (amorphous and
nanocrystalline) growth is located on the left.

Note that many grains in the 150-nm AlN film
(Fig. 1d) do not penetrate through it, resting against
the boundaries of subsequent grains. In the case of
current f low through such a medium, carriers must
overcome the barriers existing at grain boundaries, as
a result of which the film resistance significantly
increases [37]. A high density of electronic states at
grain boundaries [37, 38] may lead to capture of free
carriers and manifest itself in the form of enhanced
level of charge loss and noise in an MIS structure con-
taining a nanocrystalline film.

CONCLUSIONS

The AlN films deposited by RMS on silicon sub-
strates contained both crystalline and amorphous
phases. Most of the amorphous phase was concen-
trated in a thin layer up to 10 nm thick, adjacent to the
substrate surface. The occurrence of an amorphous
layer is believed to be due to the presence of residual
oxygen in the vacuum chamber. While oxygen was
consumed because of the sputtered aluminum get-
tering, the film structure changed from amorphous
to nanocrystalline. AlN films with thicknesses up to
YSTALLOGRAPHY REPORTS  Vol. 69  No. 1  2024
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20 nm had a high conductivity: up to 10 (Ω cm)−1,
which was apparently due to the high density of grain
boundaries in the amorphous matrix. With an increase
in thickness above 20 nm the film conductivity
dropped to values of ~10–7 (Ω cm)−1, following the
decrease in the grain boundary density. To understand
the mechanism of current transport in the obtained
AlN films, additional measurements of the depen-
dences of their electrical conductivity on temperature
and electric field should be performed. Separate stud-
ies are needed to establish the influence of the sub-
strate conductivity type on the conductivity of AlN
films several nanometers thick, when the substrate
effect may be most pronounced.
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