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Abstract—The possibility of growing oriented AlN films on Al2O3 substrates at temperatures below 300°C by
plasma-enhanced atomic layer deposition was examined. The samples were subjected to X-ray phase analysis
and ellipsometry. It was demonstrated that the refraction index of films deposited with plasma exposures lon-
ger than 20 s was 2.03 ± 0.03. The (0002) and (0004) reflections at 2Θ angles of 35.7° and 75.9° were present
in the X-ray diffraction patterns of these samples. These reflections are typical of the hexagonal AlN poly-
type. The full width at half maximum of the rocking curve of reflection (0002) in the best sample was 162 ±
11 arcsec.
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Thin aluminum nitride (AlN) films have potential
for use in the construction of cold cathodes [1], power
devices [2], gas sensors [3], UV-light-emitting diodes,
photodetectors [4], and piezoelectric RF-MEMS
devices [5]. They also may be used as buffer layers in
the growth of gallium nitride films [6]. Crystalline
films with a controlled crystallographic orientation are
required in the aforementioned applications.

Due to the lack of single-crystalline aluminum
nitride substrates, AlN films are deposited onto for-
eign substrates (Si, SiC, or Al2O3), which differ from
AlN in their thermal expansion coefficients and lattice
constants. This induces strong internal mechanical
stresses and high defect densities in synthesized layers.
These stresses may be reduced by lowering the tem-
perature of film formation.

High-quality oriented crystalline AlN films are
generally grown by chemical vapor deposition (CVD)
[7–9] on sapphire substrates at temperatures exceed-
ing 840°C. The full width at half maximum (FWHM)
of the rocking curve of these films is approximately
11 arcsec [9]. Films produced by magnetron sputtering
(MS) [10] are deposited at a temperature of ~500°C,
but have FWHM > 2°. Plasma-enhanced atomic layer
deposition (PEALD) is used to grow amorphous or
polycrystalline aluminum nitride films [11–16]. Liter-
ature data regarding the temperature of the onset of
crystalline film growth are contradictory. For exam-
ple, it was hypothesized in [12] that crystalline films
may be grown only at temperatures (T) exceeding
300°C. Crystalline films were grown at T = 250°C in
[14], and the possibility of growing such films at T ≥
100°C was demonstrated in [13]. Coatings with no

marked orientation were deposited in all these studies.
Oriented films were synthesized on sapphire sub-
strates with a buffer GaN layer in [16], but this was
done at a temperature of ~500°C. The experimental
results reported in the present study suggest that it is
possible to grow oriented AlN films at sapphire sub-
strate temperatures below 300°C. The effect of the
substrate temperature and the plasma exposure dura-
tion on the crystallinity of films is also discussed
below.

Since heteroepitaxial AlN films with the highest
degree of crystallinity are now grown on sapphire
(Al2O3) substrates, these substrates were chosen for
the present study. A PEALD TFS-200 setup (Beneq,
Finland) was used to synthesize films. In all experi-
ments, the operating frequency of the HF generator
was 13.56 MHz, the power level was 200 W, and the
nitrogen flow rate through the reactor chamber and
the reactor was 200 and 300 sccm, respectively. After
the temperature regime (210–280°C) was established,
the substrate surface was treated with plasma of a gas
mixture of hydrogen (80 sccm) and nitrogen (20 sccm)
for 60 s. This plasma was used as the source of nitrogen
in the cyclic process of film deposition. The first stage
of this cycle was the introduction of trimethylalumi-
num (TMA), which served as the source of aluminum,
into the reactor. The vapor source with TMA was ther-
mostatted at 18°C. The duration of the TMA supply
pulse was 0.05 s in all experiments. The reactor was
then ventilated for τPUR = 30 s in order to remove
excess TMA and the products of its interaction with
the substrate. After that, the substrate surface was
treated with plasma of the gas mixture of hydrogen and
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nitrogen. The plasma exposure time (τPE) was varied
from 3 to 30 s. At the final stage, the reactor was ven-
tilated for 10 s. The number of deposition cycles was
chosen so as to obtain films with a thickness of 35–
40 nm.

The growth rate (GR) was estimated as the ratio of
the film thickness to the number of deposition cycles.
The film thickness was measured using a SE-800
(Sentech, Germany) spectroscopic ellipsometer. It was
found that GR was equal to 0.100 ± 0.005 nm/cycle in

Fig. 1. Results of X-ray examination: (a) typical X-ray phase analysis curve, (b) rocking curve, and (c) enlarged view of the central
part of the rocking curve.
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the temperature range of 210–250°C at τPE ≤ 6 s. When

τPE was reduced to 3 s, GR went down to 0.085 ±

0.005 nm/cycle; if the substrate temperature was
raised to 280°C, GR reached a value of 0.108 ±
0.005 nm/cycle. Since the lack of a dependence of GR
on T suggests that the growth process is self-limited, it
was hypothesized that the samples are deposited in the
atomic layer deposition regime at temperatures below
250°C and are synthesized in CVD-like conditions at
higher temperatures.

The examination of the dependence of refraction
index n on the deposition conditions showed that n of
the samples grown at τPE exceeding 6 s was as large as

2.01 ± 0.05 at a wavelength of 633 nm. The refraction
index was almost independent of deposition tempera-
ture. A lightly lower value of n (1.95 ± 0.05) was mea-
sured at τPE = 3 s. Since the refraction index of AlN

films gets smaller at lower degrees of crystallinity, it
appears probable that a plasma exposure length of 3 s
is not sufficient for complete transformation of
chemisorbed particles into a crystalline aluminum
nitride layer.

X-ray phase analysis was performed in the range of
angles 2Θ from 30° to 80° to examine the microstruc-
ture of films. An ARLX’TRA (Thermo Fisher Scien-
tific) diffractometer fitted with a parabolic Göbel mir-
ror and a thin-film collimator was used. These studies
showed that AlN/Al2O3 samples grown at τPE = 3 s had

only the substrate-related (0006) reflections at 2Θ of
approximately 41.7° in the X-ray diffraction (XRD)
patterns measured in the Bragg–Brentano geometry.
The lack of aluminum nitride reflections indicates that
the films had an amorphous structure. Additional
intense reflections with their maxima at 2Θ = 35.7° ±
0.1° (see Fig. 1a) were observed in the XRD patterns of
samples synthesized at τPE = 6 s. These are the reflec-

tions from planes (0002) of the hexagonal aluminum
nitride polytype [7]. At T = 250–280°C and τPE ≥ 20 s,

the reflections from higher-order planes (0004)
emerged in the XRD patterns. This suggests that the
degree of crystallinity of films increased with plasma
exposure time.

It should be noted that no (0004) reflections were
observed in samples deposited at a temperature of
210°C even at τPE = 30 s. This implies that longer

plasma exposure times are needed to increase the
degree of crystallinity of films at lower synthesis tem-
peratures. However, in our view, PEALD processes
with τPE > 30 s are not economically viable.

Rocking curve (Rc) studies were performed next.
The rocking curve measured at angle 2Θ = 35.7° for
one of the samples grown at T ≥ 250°C and τPE ≥ 10 s

is shown in Fig. 1b. Just as in [7, 17], the Rc shape was
modeled by a sum of two Gaussian curves. Note that
the narrow an intense Rc component (D curve) is
associated with diffraction by the (0002) planes (see
Fig. 1c), while the broad component (R curve) is

induced by diffuse scattering, which arises in thin
films due to the roughness of interfaces, the small
diameter of crystallites, and the high density of dislo-
cations. Examination of these samples showed that the
full widths at half maxima of the R curve (FWHMR)

and the D curve (FWHMD) were approximately 1.6° ±

0.4° and 0.045° ± 0.005°. The ratio of intensities of
these curves (ID/IR) was as large as 4.5 ± 1.5. Owing to

the fact that the D curve was more intense than the R
curve, the full width at half maximum of Rc
(FWHMRc) was comparable to FWHMD (see Fig. 1c).

When the temperature was reduced to 210°C, the
ID/IR ratio dropped down to 0.75 ± 0.30 and the inten-

sity of the rocking curve decreased. In addition, the
value of FWHMRc rose to 0.25° ± 0.05°, which indi-

cates an increase in the density of defects and a reduc-
tion in the degree of crystallinity of films. At τPE = 6 s,

the value of FWHMR increased to 6.0° ± 1.5°; owing

to the fact that ID/IR dropped to zero, FWHMRc also

became equal to FWHMR. At even shorter exposures

(τPE = 3 s), amorphous samples with no reflections

associated with AlN were synthesized.

To sum up, the best samples were grown at tem-
peratures ranging from 250 to 280°C with a plasma
exposure length of 20 s. These films had ID/IR ≈ 6 and

FWHMRc ≈ 0.045° ± 0.003° (162 ± 11 arcsec). To put

this in perspective, the FWHMRc value of these sam-

ples is four times lower than that of an oriented AlN
film (FWHMRc = 670 arcsec) grown by PEALD [16]

on a sapphire substrate with a gallium nitride under-
layer at a temperature of 500°C.

Thus, the obtained results showed that oriented
crystalline aluminum nitride films may be grown at
temperatures higher than 210°C by plasma-enhanced
atomic layer deposition with a capacitively coupled
plasma source. The degree of crystallinity of films
increased with substrate temperature and plasma
exposure length. In our view, the crystallinity
enhancement with an increase in τPE is related to the

extension of the time window in which chemisorbed
particles may contribute to diffusion processes leading
to the formation of larger seeds. These particles
acquire the energy for diffusion in their interaction
with plasma. Therefore, the adverse effects of a reduc-
tion in temperature in the PEALD process (specifi-
cally, the degradation of crystallinity of films) may be
compensated for by increasing the plasma exposure
length.
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