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The low-temperature (≤400 oC) deposition of polycrystalline AlN films on silicon is demonstrated by atomic
layer annealing (ALA) using either trimethyl aluminum (TMA) and anhydrous hydrazine (N2H4) or tris(dime
thylamido) aluminum (TDMAA) and anhydrous N2H4 with an argon plasma treatment utilizing a DC bias to tune
the ion energy. Using TDMAA and N2H4, high-quality AlN films are deposited with large grain size and low
oxygen/carbon contamination which can be used as a templating layer for further high-speed AlN film growth
via sputtering. The deposition of high-quality AlN films deposited by ALA are successfully used as templates for
sputtered AlN resulting in a >2x improvement in average grain size when compared to an analogous amorphous
template layer.

1. Introduction
High-quality, large-grained AlN films are of interest for use in a
number of applications such as for heat spreading layers [1–3] or as a
buffer/templating layer for further film growth [4–8], with deposition
on Si being often required. As the typical deposition temperature for
high-quality crystalline AlN is usually in excess of 800 ◦ C [9,10], there is
a large amount of thermal strain in the films and it is advantageous to
develop processes to lower the deposition temperature so that it is
compatible with back end of line (BEOL) processing. Plasma enhanced
atomic layer deposition (PEALD) of AlN has been extensively studied as
a potential solution [11–18]; however, this process relies on a reactive
nitrogen-containing plasma (N2 or NH3) which can affect the stoichi
ometry of the deposited films and imposes a limit to the tunability of ion
energy/momentum, which is key to depositing large grain crystalline
films [19–23].
In this work, the low-temperature (≤400 oC) deposition of poly
crystalline AlN films on Si(1 1 1) is demonstrated by atomic layer
annealing (ALA) which is a variant of atomic layer deposition (ALD) that
utilizes a third pulse of low-energy inert gas ions in addition to the usual

metal and co-reactant pulses (See Fig. 1) [24]. Using this technique, the
stoichiometries of the films are determined by the thermal reaction of
the metal and co-reactant while the crystallinity is controlled by the
plasma treatment with a non-reactive gas.
Using trimethyl aluminum (TMA) or tris(dimethylamido) aluminum
(TDMAA) with the highly-reactive nitrogen-containing precursor hy
drazine (N2H4), AlN can be deposited at ~200 ◦ C [25,26]; however,
these films are amorphous. Using TDMAA with N2H4 or NH3 at tem
peratures ≥350 ◦ C, polycrystalline films can be deposited in a purely
thermal process; however, the reported grain sizes are small (<5 nm) or
there is a mixture of polycrystalline and amorphous phases [27,28]. ALA
has been used to deposit crystalline films such as AlN [24,29] and GaN
[30] on a near lattice-matched substrate (sapphire) at low temperatures,
but a N2/H2 plasma was used and the effects of substrate biasing were
not explored.
In the present study of ALA AlN on Si(1 1 1) (a non-lattice matched
substrate), two metal precursors (TMA and TDMAA) were compared
using ultra-high purity anhydrous N2H4 as a co-reactant and argon ions
with tuned energy for the third pulse. It was found that ALA deposition
using TDMAA as the Al precursor resulted in high-quality AlN films with
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Fig. 1. Schematic Diagram of ALA AlN. (a) Beginning with a hydroxyl-terminated Si wafer, (b) TDMAA is introduced leaving the surface terminated in aluminum
dimethylamide. (c) Introduction of N2H4 removes the surface bound dimethylamide as dimethylamine gas. (d) The final step in the ALA process consists of lowenergy ion bombardment which helps to induce surface mobility and crystalize the film. This 3-step process can be repeated any number of times to achieve the
desired thickness.

large grain size (>9 nm) and low C/O contamination (<2 at. %) whereas
films deposited using TMA had much higher carbon content (>5 at. %),
owing to its thermal instability at 400 ◦ C [31–33]. Transmission electron
micrographs for a 10 nm ALA AlN film grown using TDMAA and N2H4
show vertical grain structure with grains spanning the entire thickness of
the film. As heat spreading layers often need to be in excess of 250 nm
thick in order to be relevant for use in high volume manufacturing, it
was also demonstrated that ALA-deposited films successfully enhance
the grain size of a thick sputtered AlN film by acting as a template layer.

were kept at room temperature. TMA was dosed under its own vapor
pressure while both the TDMAA and N2H4 cylinders were charged with
Ar carrier gas in order to deliver the precursors to the sample. For larger
exposures, multiple doses of TDMAA and N2H4 were used in order to
recharge the cylinders with Ar carrier gas and deliver the precursors. As
TMA has sufficient vapor pressure, this technique was not needed and
longer pulse times could be used. Gas flows were controlled by mass flow
controllers and fed into a RF remote plasma source (PIE Scientific) with
a quartz plasma tube mounted above the chamber. ALA used a 20 s
plasma treatment each cycle using Ar gas at a pressure of 5 mTorr at a
power of 75 W with a pulsed stage bias of − 25 VDC (See bias optimi
zation, Fig S2 a-b). For bilayer samples (ALA AlN + sputtered AlN),
following ALA deposition, samples were transported in vacuo to an
attached sputter chamber (base pressure ~2 × 10− 6 Torr) where AlN
was deposited using a Torus Magkeeper sputter cathode (Kurt Lesker)
using a 2 in. diameter Al target and 100% N2 gas at a pressure of 3 mTorr
and 300 W of RF power. Amorphous AlN layers were deposited under
similar sputtering conditions but at a pressure of 30 mTorr.
X-ray photoelectron spectroscopy (XPS). Samples were transferred
from the deposition chamber to the UHV analysis (Omicron VT, base
pressure 5 × 10− 10 Torr) chamber in vacuo. High resolution XP spectra
were acquired on the as-deposited samples without any surface treat
ment (e.g., Ar sputtering or UHV annealing) using a Mg Kα source (hν =
1253.6 eV) and DESA 150 electron analyzer (Staib Instruments) at a
collection angle of 45◦ relative to the surface normal using a step width
of 0.1 eV. Analysis of the XPS data was performed in CasaXPS v2.3 using
Shirley background subtraction and Scofield photoionization cross
sectional relative sensitivity factors.
Structural Analysis. Ex situ grazing incidence x-ray diffractometry
(GIXRD) and X-ray reflectometry (XRR) were carried out on a diffrac
tometer (Smartlab, Rigaku) using a Cu Kα source (λ = 0.154 nm)
operating at 40 kV. Simulation and fitting of the XRR data was carried
out using the Smartlab Studio software suite (Rigaku). Cross-sectional
transmission electron microscopy (TEM) was used to evaluate the fine
grain structure of the deposited films and was performed at Applied
Materials.

2. Methods
Materials. Si(1 1 1) substrate wafers (phosphorous doped, n-type)
with a resistivity of 1–20 ohm-cm were purchased from Waferworld.
Acetone (99.5+%), methanol (99.5+%), and deionized (DI) water
(99.5%+) were purchased from Fisher Scientific. Hydrofluoric (HF) acid
(48%) was purchased from VWR and diluted down to 2% with DI water
before use. Ar (99.999%) was purchased from Praxair and purified using
an Entegris Gatekeeper gas purifier before being used as both the plasma
gas as well as the precursor carrier gas. TMA (98+%) was purchased
from Strem chemicals. Ammonia (99.999%) was purchased from Prax
air. TDMAA was supplied by EMD performance materials. BRUTE
anhydrous hydrazine (30 ppb vapor phase H2O) was supplied by
RASIRC.
Sample preparation. Si samples were first degreased using 10 s rinses
in acetone, methanol, and DI water. Following the degrease, native
oxides were removed via a cyclic HF clean consisting of 1 min immer
sions in HF and DI water for 2.5 cycles. Immediately following the clean,
the samples were loaded onto a sample holder and pumped down to a
pressure of <2 × 10− 6 Torr before loading into the deposition chamber.
AlN deposition. The ALA deposition was conducted in a home-built
chamber (wall temp = 90 ◦ C) with a base pressure <1 × 10− 6 Torr
and consisted of a home-built reactor pumped by a dry pump (Edwards
EPX 500NE) protected by a liquid nitrogen cold trap and stainless steel
mesh particle trap (See Fig. S1). The stage allows for sample biasing and
consists of an electrically isolated copper block heated by a cartridge
heater. Dosing was performed using pneumatically actuated diaphragm
valves and although self-saturating behavior was not observed, pulse
times were optimized for growth rates of ~0.9 Å/cycle in order to keep
the film thickness between each ALA treatment constant. TDMAA was
dosed using a bottle temperature of 105 ◦ C while all other precursors

3. Results and discussion
Two Al precursors (TMA and TDMAA) were first benchmarked at
225 ◦ C. Using a purely thermal process, sequential doses of either 400
2
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Fig. 2. XPS Chemical Composition Data for both
Thermal and ALA Processes using TMA and
TDMAA at 225 ◦ C. (a) The chemical compositions
for the thermal process using TMA or TDMAA are
very similar, with the ALA process resulting in the
removal of unwanted C/O, especially when using
TDMAA. Molecular schematics of the two precursors
are shown (as monomers) above the corresponding
XPS data. (b) High resolution XP spectra show
chemical shift consistent with stochiometric AlN
formation and the effect of ALA on the C/O
contamination.

repeated in order to deposit films ~40 nm in thickness. As can be seen in
Fig. 2, the thermal process for both TDMAA and TMA results in films of
similar purity; however, the ALA process removes much more carbo
naceous contamination in the case of TDMAA, possibly due to the lack of
any direct Al-C bonding in TDMAA. Although the XPS data appear to
indicate slightly Al-rich films, it is noted that spectra collected on
crystalline AlN films also have Al:N ratios ranging from ~1.05–1.1:1;
therefore, it is hypothesized that this artifact arises from the higher ki
netic energy of the Al 2p electrons as compared to the N 1s electrons as
any thin overlayer would lead to higher attenuation of the N 1s signal
and lead to a high Al:N ratio when measured by XPS. Chemical shift data
collected from high resolution XP spectra are consistent with the for
mation of stoichiometric AlN and also demonstrate the beneficial effect
of ALA on C/O contamination in these films.
Structural analysis of these films via XRD show that all samples had
at best marginal crystallinity regardless of process (Fig. 3). Though small
XRD peaks corresponding to AlN (0 0 2) were observed for the ALA
process, the density of these films as measured by XRR was found to be
2.5 and 2.8 g/cm3 for the TMA ALA and TDMAA ALA sample, respec
tively, which is >15% lower than the bulk value for crystalline AlN and
likely indicates large percentages of the films are amorphous. Previous
studies on PEALD deposited AlN using low (<100 W) power also note

Fig. 3. XRD Data for both Thermal and ALA Processes using TMA and
TDMAA at 225 ◦ C. The deposited films are either amorphous or nanocrystal
line. Note that even when small crystalline peaks are observed for the ALA
process, density via XRR is much lower than bulk crystalline AlN.

ms TMA and 2 × 100 ms pulses of N2H4 with 5 s purge times or 2 × 300
ms TDMAA with a 4 s purge and 100 ms N2H4 with an 8 s purge were
used. For ALA samples, each cycle also included a 20 s Ar plasma
treatment with the stage biased at − 25 VDC. This cyclic process was
3
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Fig. 4. XPS Chemical Composition Data for both Thermal and ALA Processes using TMA and TDMAA at 400 ◦ C. (a) At 400 ◦ C substrate temperature, films
grown using TDMAA have lower impurity content, with the ALA films containing the lowest impurity content of <2 at. % C/O. (b) High resolution XP spectra show
chemical shift consistent with stoichiometric AlN formation and the effect of ALA on the C/O contamination.

that at lower temperatures, crystallization of the film does not occur at T
< 300 ◦ C [17] and that either higher deposition temperature or
increased plasma power were needed to form crystalline films
[15,34,35], with these results being in rough agreement with the work
of Bosund et al. [17] after taking into account these thinner films of ~40
nm will display poorer crystallinity due to higher dislocation density
close to the interface.
Since thermal AlN films are typically seen to crystallize at tempera
tures of 350–375 ◦ C, the same two precursors were compared at 400 ◦ C
deposition temperature to elucidate the impact of the ALA process on

weakly crystalline films. As all temperatures at which thermal crystal
lization of AlN would occur are higher than the decomposition tem
perature of TMA [31–33,36,37], the highest temperature allowed for
BEOL processing (~400 ◦ C) was chosen. Owing to the improved re
activities of the precursors at 400 ◦ C, precursor pulses were modified to
35 ms TMA with a 10 s purge and 100 ms N2H4 with an 8 s purge or 150
ms TDMAA with a 4 s purge and 100 ms N2H4 with an 8 s purge. ALA
samples received the same 20 s Ar plasma treatment with the stage
biased at − 25 VDC used previously. Due to the thermal decomposition of
TMA at 400 ◦ C, the lowest growth rate attainable was 1.8 Å/cycle. As it
4
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Fig. 5. XRD Data for both Thermal and ALA Processes using TMA and
TDMAA at 400 ◦ C. Films grown using TDMAA ALA display oriented (0 0 2)
growth as compared to the other processes which are predominantly (1 0 0)
oriented, mixed phase, or amorphous. Note bulk-like AlN density is only ach
ieved for TDMAA ALA.

Fig. 7. XRD data comparing AlN films using a 25 nm amorphous AlN
buffer layer with a 25 nm ALA AlN buffer layer. Replacing the amorphous
AlN buffer layer with ALA AlN results in a >2x improvement in grain size for
equivalent thickness of sputtered material.

film.
Subsequent XRD analysis (Fig. 5) confirms that the TDMAA ALA
process leads to the highest quality films of oriented c-axis AlN. The film
densities of the ALA samples were measured by XRR to be 3.0 g/cm3 and
3.3 g/cm3 for the TMA ALA and TDMAA sample, respectively, which
indicates that the elevated carbon content in the TMA ALA sample likely
prevented crystallization while the TDMAA ALA sample has a density
within 1% of bulk crystalline AlN and a full width at half the maximum
intensity (FWHM) value of 0.95◦ , which corresponds to a crystallite size
of ~9.2 nm by the Scherer equation [40].
In order to demonstrate the effect of these ALA-deposited layers,
sputter deposition was identified as one method capable of quickly
depositing crystalline AlN at temperatures compatible with BEOL pro
cessing. Sputter-deposited AlN films can contain large amounts of
compressive strain [41] when deposited on Si(1 1 1) and so it is neces
sary to use a buffer layer in order to avoid cracking or flaking of the
deposited film. Thin, 25 nm ALA AlN films grown using TDMAA were
subsequently deposited for use as templates for the growth of 290 nm of
sputter deposited AlN and compared against a buffer layer composed of
25 nm of amorphous AlN. As it can be seen in Fig. 6, the template layers
deposited via ALA on a non-lattice-matched substrate Si(1 1 1) are
smooth and contain grains >10 nm wide that span the entire thickness of
the film.
The initial growth stages of sputtering are an essentially stochastic
process when performed on a non-lattice matched substrate. This results
in multiple grain orientations or the formation of dislocations/defects
that reduce the average grain size of the sputtered material. Due to the
ALA template acting as a lattice matched substrate, it was expected that
sputtered films grown on the ALA layers would have larger average
grain size with and have stronger (0 0 2) preferential orientation as
compared to the amorphous AlN buffer layers. As it can be seen in Fig. 7,
XRD data show that sputtered AlN grown on amorphous AlN is poly
crystalline (0 0 2)/(1 0 3) with no preferential orientation while the AlN
grown on the ALA AlN template is highly textured (0 0 2). TEM data of
the sample grown on ALA AlN (Fig. 8) show the grain structure of the
sputtered layer originating from the ALA layer which then serves to
template the columnar growth of the film. When comparing the FWHM
of the (0 0 2) peak, the sample grown on amorphous AlN has a much
larger FWHM (1.09◦ ) as compared to the sample grown on ALA AlN
(0.45◦ ) which corresponds to an increase in average grain size from 8 nm
to 19.4 nm by using the ALA template layer.

Fig. 6. Bright Field TEM Image of a 10 nm ALA AlN layer. Template layers
are smooth by TEM and have large grains that extend through the entire
thickness of the film (inset: high resolution TEM showing the lattice fringes).

can be seen in Fig. 4, films grown using TDMAA have lower impurity
concentration for both the thermal as well as ALA processes and the ALA
TDMAA process has lower impurities than the thermal ALD TDMAA
process. Although the precise mechanism for the reduction in impurity
content from ALA is not known, it is hypothesized that this effect is due
to either a gentle sputtering process that removes surface oxides and
carbonaceous species (including unreacted ligands) or that the
enhanced density as a result of the ALA prevents the incorporation of
these impurities into the film. It is noted that at 400 ◦ C using TMA, the
ALA process increases the carbon content in the AlN films. This is likely
linked to the thermal instability of TMA at high temperatures which may
result in the generation of carbon-containing species such as gaseous
methyl radicals that the plasma then imbeds in the AlN films. In contrast,
because TDMAA does not contain any C-Al bonds and has high thermally
stability at 400 ◦ C, the resulting AlN films do not contain high levels of
carbon [38,39]. NH3 was tested as an alternative co-reactant for the ALA
process at 400 ◦ C; however, owing to the lower reactivity as compared to
N2H4, growth rate was reduced and O contamination was increased (Fig
S3). From the high-resolution carbon XP spectra (Fig. 4b), it is seen that
for the TDMAA ALA process, aliphatic carbon is reduced to below
detection limits while the remaining component just above detection
limits is likely surface bound dimethylamide. Especially noteworthy is
the ALA process with TDMAA achieves extremely low impurity con
centration (<2 at. % C/O) even without sputtering into the bulk of the
5
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Fig. 8. Bright Field TEM Image of a 25 nm ALA AlN templating the growth of 290 nm sputtered AlN. (a) Columnar grains are observed that extend from the top
of the film to the substrate. (b) The sputtered grain structure originates from the template layer and then grows vertically.

4. Conclusion

Appendix A. Supplementary data

In summary, it is demonstrated that precursor selection is key for
developing processes for the low-temperature deposition of oriented
crystalline materials on non-lattice matched substrates such as Si(1 1 1).
It is shown that even at the relatively modest temperature of 400 ◦ C,
commonly used precursors such as TMA do not possess the thermal
stability needed in order to deposit high quality crystalline films and
that there exists a need for non-intuitive precursors such as TDMAA and
N2H4. Through the selection of precursors that are thermally stable, yet
highly reactive, oriented c-axis AlN films are able to be grown on Si via
bias enhanced ALA. These films have an average grain size >9 nm and
are successfully shown to template the growth of sputtered AlN which
results in a >2x increase in the average grain size (19 nm) as compared
to an AlN film sputtered on amorphous AlN (8 nm). As this process does
not require a lattice-matched substrate and is BEOL compatible, it is
relevant for a wide range of applications ranging from buffer layer
deposition to CMOS/RF heat spreaders.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apsusc.2021.149656.
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Temperature Deposition of AlN Films by an Alternate Supply of Trimethyl
Aluminum and Ammonia, Chem. Vap. Depos. (1996), https://doi.org/10.1002/
cvde.19960020612.
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