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ABSTRACT

The effect of adding an atomic layer annealing step to a plasma-enhanced atomic layer deposition process of aluminum nitride was
investigated with commonly available materials. The refractive index, crystallinity, stoichiometry, and impurity concentrations were studied
from films grown from trimethylaluminum and ammonia precursors at 300�C on Si(111) substrates. Additional energy provided by the
atomic layer annealing step during each deposition cycle was found to enhance the crystallinity and stoichiometry and increase the refractive
index and film density. A polycrystalline hexagonal film with a weak c-axis orientation was obtained on substrates with and without native
oxide, which is promising for applications that require high quality films at low temperatures.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0002705

I. INTRODUCTION

Aluminum nitride (AlN) is an attractive material for a range
of applications due to its characteristics: wide bandgap,1 high
refractive index,1 piezoelectric properties,2 low thermal expansion
coefficient,3 and high thermal conductivity.4 It can be grown with
different techniques, depending on the requirements on the film,
for instance, crystallinity, orientation, and impurity concentration.
Sputtering produces a film with a columnar structure and a c-axis
preferred orientation, which makes it useful for different microelec-
tromechanical systems (MEMS) applications, such as thin-film bulk
acoustic resonators,5 piezoelectric energy harvesters6 along with
microphones7 and piezoelectric micromachined ultrasonic trans-
ducers.8,9 The requirement on crystal quality and purity of AlN
films is at a different level in high-electron-mobility transistors
(HEMTs) and light-emitting diode (LED) applications, where epi-
taxial materials are needed. Metallo-organic vapor phase epitaxy
(MOVPE) can be utilized for single crystalline material growth, and
the films have an extremely low density of impurities and defects

compared to sputtered AlN. However, epitaxial AlN in MOVPE is
typically grown at high (� 1000 �C) temperatures.10 MOVPE AlN
is used as a critical layer in modern semiconductor applications,
such as deep ultraviolet LEDs11,12 and HEMTs10,13,14 for radio fre-
quency (RF)15,16 and power electronics.16,17

Atomic layer deposition (ALD) or plasma-enhanced (PE)
ALD is used in applications where conformal coating or lower dep-
osition temperatures (, 500 �C) are needed, and the film quality
can vary from weakly crystalline to amorphous. Such applications
include memristors,18 diffusion barriers,19 and buffer layers.20

Recent progress in PEALD process development has also produced
piezoelectric AlN.21,22 PEALD with an additional in situ atomic
layer annealing (ALA) step offers a route to obtain near epitaxial
film quality at low temperatures.23 The ALA step provides addi-
tional energy from an inert plasma gas to the top atomic layer of
the film during each cycle for surface reorganization and crystalli-
zation process.24 As the energy delivered from the plasma is con-
fined at the film surface, repeating the ALA step during each
deposition cycle is essential for the enhanced crystallization.24,25
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PEALD ALA enables the use of AlN films in a wider variety of
applications where crystalline conformal coating is needed at lower
deposition temperatures on, for example, wafers, thin films, and
devices with a low temperature budget. Recent reports have demon-
strated PEALD ALA AlN23 and GaN26 on sapphire; however,
silicon substrates have been overlooked in PEALD ALA research.

Silicon is a cheap and well studied substrate material that has
been widely used in semiconductor research and industry for
several decades. It is the key material in many commercially avail-
able applications, such as MEMS and electronics, where price,
availability, and wafer size are crucial. Research on PEALD ALA
grown AlN has generally concentrated on substrates that promote
c-axis oriented growth23 or on silicon with customized precur-
sors.27 To the best of our knowledge, a study of AlN grown with a
more common approach to PEALD ALA with a thorough charac-
terization has not been reported.

In this work, we report on the effect of adding an ALA step to
a conventional PEALD process of AlN films with commonly avail-
able materials. The films are deposited on Si(111) substrates with
trimethylaluminum and ammonia precursors in an industrially
available reactor. The thickness and uniformity of the films are
characterized using spectroscopic ellipsometry, microstructure, and
crystallinity with x-ray diffraction and film composition with

time-of-flight elastic recoil detection analysis. The effect of the
ALA step is evaluated by comparing the results with previously
grown PEALD AlN and literature data.

II. EXPERIMENT

A. Atomic layer deposition

1000 cycles of AlN were deposited on 4} Si(111) wafers with
native oxide (AlN on Si) and Si(111) with native oxide removed
(AlN on HF-Si). The native oxide was removed by dipping the
wafer for 20 min in buffered hydrofluoric acid (AP 90-10,
Honeywell), subsequently rinsing it in de-ionized water for 20 min,
and loading it straight into the Ar atmosphere. PEALD with ALA
was carried out in a Beneq TFS 500 reactor with a remote capaci-
tive 13.56 MHz RF plasma. The process temperature was 300�C,
and Ar (99.9999% pure, Linde) was used as both carrier gas and
plasma carrier gas. Trimethylaluminum (TMA) (. 99:5% pure,
Volatec) and ammonia (NH3) (99.9999% pure, Linde) were used as
precursors for AlN. A plasma power of 200W was used for both
ALA and NH3 plasma. The carrier gas flows in the process were
150 sccm in the NH3 line, 400 sccm to the process chamber,
50 sccm in the TMA line, and 100 sccm for the plasma gas,
respectively.

FIG. 1. Sketch of a PEALD ALA cycle with a gas flow direction from left to right. (1) Atomic layer annealing with argon plasma cleans the silicon substrate surface in the
beginning of the process and later provides extra energy to the film surface to aid the crystallization process and remove impurities. (2) TMA pulse terminates the surface
and releases the methane gas. Some available surface sites may remain unreacted due to methyl ligands blocking them from incoming TMA molecules. (3) Flow of an
argon carrier gas purges the reaction chamber from an unreacted precursor and reaction by-products. (4) Ammonia plasma is introduced to the surface and removes
methyl ligands bonded to aluminum and releases the methane gas. (5) Unreacted precursors and gaseous reaction products are purged from the reaction chamber.
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The PEALD ALA process has a five-step cycle instead of the
more conventional four-step cycle, as presented in Fig. 1. The cycle
begins with the ALA treatment, a 20 s Ar plasma pulse at 200W.
The purpose is to clean the sample surface during the first cycles
and later provides additional energy for the film to reduce the
amount of impurities and enhance the crystallization process.
According to previous research, the effect of ALA is limited to the
top atomic layer and is lost when it is not repeated during every
deposition cycle.24,25 The ALA step extends the process time signif-
icantly; nevertheless, the extra energy provided by the plasma is
essential to reach high quality films.

The ALA step is followed by a conventional temporal PEALD
cycle, where the first 0.3 s precursor pulse of TMA terminates the
surface and releases methane. As pictured, unidealities, such as steric
hindrance from methyl ligands blocking available surface sites, can
occur during the process, and every available atom is not able to
react during a cycle. During the 4 s purge, the unreacted precursor
and gaseous reaction products leave the reaction chamber. Next, a
15 s pulse of NH3 plasma with 200W power is introduced to the
surface. The plasma head is first filled with an NH3 gas before
turning on the plasma power in order to obtain a stable plasma
pulse. Ideally, the plasma species remove all the methyl ligands
bonded to the aluminum atoms during this step; however, this is not
always the case, as will be discussed later. The unreacted precursor
and gaseous reaction products leave the reaction chamber during the
second purge of 6 s before the cycle starts over. Due to the tool con-
figuration, there is a wait time of 0.1 s between ALA and TMA.

B. Film characterization

The thickness, refractive index, and uniformity were character-
ized with a Semilab SE-2000 spectroscopic ellipsometer with a

fixed 70� angle. A visible spectrum (248.6–969.35 nm) was used for
the measurement and fitting. Cauchy’s equation was used as a
model for fitting the data, and the results are presented at a
common 632.8 nm wavelength.

A Rigaku SmartLab diffractometer was used for x-ray diffrac-
tion (XRD) measurements to evaluate the crystallinity of the films.
The operating CuKα radiation wavelengths were 1.540 593 Å (α1)
and 1.544 414 Å (α2). High resolution parallel beam Ge220x2
optics were used as the optical configuration for x-ray reflectivity
(XRR), grazing incidence (GI), and θ/2θ scans. GIXRD was mea-
sured with a 0:5� incidence angle obtained from the XRR measure-
ment. A focused beam was used for diffraction mapping with
CBO-f optics and with a fully open 2D detector. A sample χ tilt
and the angle of the detector were varied during the measurement.
Rigaku GlobalFit was used for XRR data fitting, and the native
oxides of both Si and AlN were taken into account in the fitting in
addition to the AlN layer. Indexing of the reflections was made
with the Inorganic Crystal Structure Database with collection codes
60862828 and 54697.29

FIG. 2. Depth profiles of elements measured with TOF-ERDA of (a) AlN on Si and (b) AlN on HF-Si.

TABLE I. Concentrations of elements measured with TOF-ERDA in AlN samples
grown on Si (left) and HF-Si (right). The values are provided with relative errors in
units of atomic percent.

Element AlN on Si (at. %) AlN on HF-Si (at. %)

Al 42.68 ± 0.25 42.26 ± 0.25
N 45.04 ± 0.28 45.95 ± 0.27
H 9.88 ± 0.17 9.90 ± 0.16
C 0.70 ± 0.04 0.72 ± 0.03
O 1.70 ± 0.03 1.17 ± 0.03
F <0.35
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Time-of-flight elastic recoil detection analysis (TOF-ERDA)
was used to study film composition. It was performed with a
40MeV beam at the 5MV tandem accelerator of the University of
Helsinki. The experiment was conducted in a horizontal geometry
with an incident angle on the sample surface at 16� and a forward
scattering angle at 40�. The system consists of a time-of-flight tele-
scope with two timing gates and an energy detector. The length of
the telescope was 684 mm, apertures of timing gates were 12 and
18 mm in diameter, and time resolution was 150 ps. The energy
detector with a resolution of 18 keV was placed at a distance of
1243 mm from the sample and used for particle mass separation.
Absolute error due to statistical uncertainty in the measurements
was less than 1%. The reader is addressed to Ref. 30 for a more
detailed description of the setup.

III. RESULTS AND DISCUSSION

The deposited AlN film thickness, measured with a spectro-
scopic ellipsometer over a 4} wafer, was on average 118 nm with
2.5% nonuniformity, which is determined by the formula

dmax � dmin

dmax þ dmin
� 100%, (1)

where dmax is the highest measured thickness and dmin the lowest.
Some of the film thickness nonuniformity stems from a scarce
shower head design that creates hot spots during the plasma pulse.
The calculated growth rate is 1.18 Å per cycle, which is slightly less
than with previously reported PEALD processes from the same
TFS 50031,32 and could indicate a moderately denser film. High
temperature (. 200 �C) PEALD AlN processes have been reported

to have a lower growth rate since the plasma pulse adds smaller
species to the surface while removing TMA ligands, which results
in a better organized surface; thus, the vertical growth is slowed
down.33 In a PEALD ALA process, even slower growth rates can be
expected as ALA removes extra ligands and impurities. The lower
growth rate is in accordance with the XRR results, which reveal a
growth rate of 1.16 Å measured from the middle of the wafer and is
somewhat below average compared to the calculated growth rate
from the spectroscopic ellipsometer results. The film density
obtained from XRR is 3.25 g/cm3, which is significantly higher
than for previously reported PEALD processes from the exact same
reactor31,32 with a density below 3 g/cm3 and close to the literature
value of 3.255 g/cm3 for AlN.4 The refractive index is 1.98 with
2.6% nonuniformity and higher than previously reported,31 yet still
in the polycrystalline range. Amorphous AlN has been found to
exhibit refractive indexes at 1.8–1.95,31,34 polycrystalline at 1.95–
2.05,35 and epitaxial at 2.1–2.2.36,37 A higher hydrogen concentra-
tion in the film can lower the refractive index in PEALD films.31

Figure 2 shows the depth profiles of the TOF-ERDA analysis.
The films are slightly nitrogen rich with the Al:N ratio of approxi-
mately 0.95, which is close to the stoichiometric value of AlN and
significantly higher than in previous reports using the exact same
reactor31,32 where the ratio stays below 0.90. There is an oxygen
peak at the surface of the films, indicating native oxide formation
on the AlN films despite the samples were cooled down in a load-
lock before exposing to ambient air. The films are stable in ambient
air, as the surface oxide remains thin.

Oxygen concentration in the film is around 1.7 at. % for the
sample AlN on Si and 1.17 at. % for AlN on HF-Si, which can be
seen from Table I. Removing the Si surface oxide did not affect the

FIG. 3. θ/2θ diffractogram of AlN on Si exhibits only (002) reflection from the
AlN film. The data are normalized and plotted as a square root.

FIG. 4. Wide-area diffraction map from AlN on Si. Removing substrate native
oxide did not affect the FWHM. The data are normalized and plotted as a
square root.
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TOF-ERDA results except for the part of oxygen; the amount of
oxygen was lower by 0.5% throughout the film in addition to the
film-substrate interface where oxygen is barely present. Sample AlN
on Si was deposited before AlN on HF-Si, which means that tool
condition was different during the depositions and could be a reason
for the elevated amount of oxide in the film of AlN on Si. In the
HF-dipped sample, there are also detectable traces of fluorine at the
AlN/Si interface, which indicates that the surface is partly fluorine
terminated. Despite the fact that F is detectable, the relative value is
below 1% and is barely visible in Fig. 2(b). The carbon residue from
most likely TMA remains at 0.7 at. %. The concentration of hydrogen
is close to 10 at. %, where some of it is probably still bonded to the
carbon due to an incomplete reaction of TMA, but mostly a residue
from the NH3 plasma since hydrogen remains in large amounts also
in films deposited from a hydrogen-free Al precursor.38

Nitrogen concentration 45% is in agreement with previous
reports31,32 for films deposited at 300�C with TMA and NH3,
whereas aluminum concentration has increased significantly by 5
at. % measured with TOF-ERDA. The impurity content from
carbon and hydrogen are down by 1 and 4 at. %31,32 probably as a
result of a more complete reaction of the precursors with the help
of the ALA step. The lower hydrogen concentration is probably one
of the reasons behind the higher refractive index. Plasma is known
to restructure the surface for promoted reactivity,39 and the ALA
step can heal imperfections in the film by a momentum transfer
process from the incoming ions at the impact with the surface or
later through lattice vibrations.24 The amount of impurities can
also be decreased by increasing the plasma power and bias
voltage;32 however, the bias voltage in our case stayed quite low
(, 5 V) during the process and is not likely to be the cause.

The oxygen concentration is higher on average by 1.2 at.-%
compared to previous reports.31,32 Possible sources could be incom-
plete nitridation of the chamber sidewalls or a residual water vapor
in the reaction chamber originating from loading of the samples
from ambient. The processes were started soon after loading of the
samples, therefore leaving little time for all the ambient moisture to
leave the reactor.

Diffractogram of the θ/2θ measurement for sample AlN on Si
is presented in Fig. 3. By only inspecting the crystalline quality of
the film with a θ/2θ measurement, the film seems to be (002) ori-
ented and nanocrystalline. The wide-area XRD (WAXRD) mea-
surement in Fig. 4, however, reveals the AlN(002) orientation with
a large full width half maximum (FWHM) along the χ-axis sug-
gesting a polycrystalline and weakly c-axis oriented film. To investi-
gate the polycrystallinity further, a GIXRD scan was carried out.
GIXRD measurement presented in Fig. 5 shows several peaks sup-
porting the observation from the WAXRD map and indicates tilted
grains. The reflections obtained from the GIXRD measurement are
from a hexagonal AlN, and the presence of several peaks indicates
that the layer consists of randomly oriented crystallites of hexagonal
AlN with a weak c-axis orientation. The ALA treatment provides
additional energy to the film during growth and has been shown in
the same TFS 500 to enhance especially the c-axis orientation of
the AlN film already at lower 100W plasma powers in comparison
with the film grown without the ALA step.40 Compared to previous
results,31,32 the (002) reflection is more distinct in both θ/2θ and
GIXRD, which agrees with the fact that formation of (002) directed
planes requires more energy in AlN than the other directions.41

Interestingly, removal of substrate native oxide did not affect
the crystallization of the AlN film. Despite the higher oxygen
content in the AlN on the Si sample, the FWHM for both samples
in the WAXRD remained equally large (, 20 �). Previous research
has shown that the silicon substrate orientation seems to not affect
the crystallization on the AlN film grown with a PEALD ALA
process; the film is still hexagonal and polycrystalline with a weak
(002) preference grown on a (111) or (100) oriented silicon sub-
strate.40 This is probably also the reason why the AlN film crystal-
lizes identically both on Si(111) with an amorphous native oxide
and a bare crystalline Si(111) surface.

Residues from precursors, such as carbon and hydrogen, often
stay in ALD films42 and can affect the crystallization process.43 As
observed earlier in the film composition analysis, the amount of
impurities can be lowered with the addition of energy to the
surface by adding the ALA step to the PEALD cycle. Despite the
prolonged cycle time, higher quality AlN with enhanced crystallin-
ity and decreased amount of impurities open possibilities to utilize
AlN in more demanding applications. Impurities, however, dwell in
the AlN film in various ways, thus affecting the film properties
through diverse mechanisms.

Atomic hydrogen in AlN is known to passivate defects, such
as dangling bonds, and reside outside of the lattice,44 which
improves theoretical stoichiometry. The enhanced crystallinity of
the AlN film probably results from the better stoichiometry com-
pared to previous reports,31,32 around 47 at.-% for Al and 50 at.-%
for N when the amount of hydrogen is excluded. The oxygen
impurities, on the other hand, act at low concentrations as point
defects.45 They are possibly bonded to the Al atoms, as formation

FIG. 5. GIXRD diffractogram from AlN on Si with AlN planes indexed (Refs. 28
and 29) The data are normalized and plotted as a square root to show the
smallest reflections.
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of Al–O–N is not energetically favorable for PEALD AlN,46 and
oxygen impurities are known to replace Al–N bonds with Al–O in
a hexagonal lattice.47 Previous studies have shown that oxygen
impurities affect piezoelectric properties of AlN already below 1
at.-% and can act as electrically active defects,48,49 which is detri-
mental for many AlN applications.

When the impurity concentration of carbon is higher than
oxygen in AlN films, it is known to be the main source of electro-
mechanical losses, especially at elevated temperatures.50 Carbon
impurities also increase optical absorption of AlN at the UV-C
region.51 The impurities could be avoided by, for example, using a
carbon-free precursor or by optimizing the ALA process.
Nitridizing the chamber walls properly and a longer wait time after
sample loading for all of the ambient humidity to leave the
chamber are some of the ways to reduce the amount of impurities
in the film. Depending on the needs of the application, an educated
choice of parameters, precursors, and an inert plasma annealing
gas or a combination thereof are likely to produce a better film.

IV. CONCLUSIONS

In this work, AlN was grown with commonly available materi-
als; the PEALD ALA process was used with TMA and NH3 as pre-
cursors with Ar plasma annealing on Si(111) substrates. The films
were characterized with spectroscopic ellipsometry, XRD, and
TOF-ERDA. The ALA treatment was found to enhance the stoichi-
ometry, crystallinity, and the c-axis orientation of the film and
reduce the amount of hydrogen and carbon impurities. Removal of
the native oxide did not affect the crystalline quality. The develop-
ment potential and tunability of the PEALD ALA process offers
alternative routes for new substrates and applications that require
high quality films at low growth temperatures.
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