RESEARCH ARTICLE | MARCH 27 2025
Atomic layer deposition of Al Ti, N via co-evaporation of
metal precursors

Special Collection: Atomic Layer Deposition (ALD)

Pamburayi Mpofu & © ; Pentti Niiranen © ; Oscar Aim @ ; Jonas Lauridsen © ; Tommy Larsson © ;
Henrik Pedersen & ©

’ '.) Check for updates ‘

J. Vac. Sci. Technol. A 43, 032405 (2025)
https://doi.org/10.1116/6.0004420

@ B

View Export
Online  Citation

Articles You May Be Interested In

Atomic layer deposition of molybdenum oxide using bis(tert-butylimido)bis(dimethylamido) molybdenum

J. Vac. Sci. Technol. A (December 2013)

Surface spectroscopic studies of the deposition of TiN thin films from tetrakis-(dimethylamido)-titanium and
ammonia

J. Vac. Sci. Technol. A (May 1995)

Ultrasmooth cobalt films on SiO, by chemical vapor deposition using a nucleation promoter and a growth
inhibitor

D
(&
| -
2
(&
(/)
£
-
-
g
>
Y
o
©
-
-
-
@)
ﬂ

and Technology A

J. Vac. Sci. Technol. A (March 2021)

Advance your science and your

career as a member of

96:0€:60 5202 AeN €2


https://pubs.aip.org/avs/jva/article/43/3/032405/3341020/Atomic-layer-deposition-of-AlxTi1-xN-via-co
https://pubs.aip.org/avs/jva/article/43/3/032405/3341020/Atomic-layer-deposition-of-AlxTi1-xN-via-co?pdfCoverIconEvent=cite
https://pubs.aip.org/jva/collection/423927/Atomic-Layer-Deposition-ALD
javascript:;
https://orcid.org/0000-0003-0878-9248
javascript:;
https://orcid.org/0000-0002-2248-4291
javascript:;
https://orcid.org/0009-0004-1070-536X
javascript:;
https://orcid.org/0009-0002-3103-8426
javascript:;
https://orcid.org/0000-0003-3367-0441
javascript:;
https://orcid.org/0000-0002-7171-5383
https://crossmark.crossref.org/dialog/?doi=10.1116/6.0004420&domain=pdf&date_stamp=2025-03-27
https://doi.org/10.1116/6.0004420
https://pubs.aip.org/avs/jva/article/32/1/01A119/244972/Atomic-layer-deposition-of-molybdenum-oxide-using
https://pubs.aip.org/avs/jva/article/13/3/1116/797802/Surface-spectroscopic-studies-of-the-deposition-of
https://pubs.aip.org/avs/jva/article/39/2/023414/397525/Ultrasmooth-cobalt-films-on-SiO2-by-chemical-vapor
https://e-11492.adzerk.net/r?e=&s=t7qFafLO0kx22wjkSyTqobB3PMM

JVSTA ARTICLE pubs.aip.org/avs/jva

Journal of Vacuum Science & Technology A

Atomic layer deposition of Al,Ti;_,N via
co-evaporation of metal precursors

Cite as: J. Vac. Sci. Technol. A 43, 032405 (2025); doi: 10.1116/6.0004420 @ I-ﬁ @
Submitted: 23 January 2025 - Accepted: 7 March 2025 -
Published Online: 27 March 2025

View Online Export Citation CrossMark

) pentti Niiranen,' (2 Oscar Alm,” ) Jonas Lauridsen,” (¥ Tommy Larsson,”

)

Pamburayi Mpofu,'*
and Henrik Pedersen'?

AFFILIATIONS

"Department of Physics, Chemistry and Biology, Linképing University, Linképing SE-581 83, Sweden
?Seco Tools AB, Fagersta SE-737 82, Sweden

Note: This paper is part of the 2025 Special Topic Collection on Atomic Layer Deposition (ALD).
2 Authors to whom correspondence should be addressed: parmburayi.mpofu@liu.se and henrik. pedersen@liu.se

ABSTRACT

Different approaches are used in tailoring properties of thin films to meet the requirements of specific applications. This study comprises work
done on atomic layer deposition of AL, Ti;_,N employing the co-evaporation approach using tris-dimethylamido aluminum [AI(NMe,);], tetra-
kis(dimethylamido)titanium (IV) [Ti(NMe,),], and ammonia (NH3) plasma. High Al-content, low impurity (O and C, both <5 at. %) films
with uniform grain size distribution and dense morphology were deposited. The as-deposited films were x-ray amorphous, but mixed crystallo-
graphic phases were observed when the films were annealed at 700 °C. The deposited aluminum-rich Al Ti;_,N films show an alternative way
for ternary material depositions.
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I. INTRODUCTION or Hf,"” thereby increasing the range of its possible applications.
One such ternary material is metastable Al Ti;_,N where the cubic
rock salt structure of TiN is preserved while varying Al content.
Al Ti;_,N primarily finds use as a hard material in protective coat-
ings, often on cemented carbide tool inserts due to its excellent
resistance against corrosion and oxidation and high hardness."*™'
These properties can be tuned with the chemical composition.

The synthesis of nitrides in the form of metastable high
Al-content AL Ti;_,N by CVD, where the cubic structure of TiN is
preserved while adding AIN, i.e., increasing x, up to at least 0.9,"
has gained increasing interest in recent years.'®'” The presence of
AIN increases oxidation resistance of the formed Al Ti;_,N film by

Protective coating materials are commonly grown using physical
or chemical vapor deposition (PVD or CVD) techniques on cutting
tools. This improves the service life of the tools during high tempera-
tures, friction, wear, corrosion, and oxidation leading to mechanical
and thermal fatigue, during applications such as turning, milling,
and drilling." Such coatings have been used in the form of nitrides,
oxynitrides, carbides, carbonitrides, borides, boronitrides, and
oxides, where a lot of comparisons’ between PVD and CVD have
been made. It can be noted that many of the nitride, oxide, and
carbide protective hard coatings produced for the engineering and

manufacturing industry are also highly relevant for the microelec- converting to an Al,Os layer as the coating heats up resulting in
tronics field, e.g, as dielectrics, diffusion barriers,” and gate increased oxidation resistance.”’ Different techniques such as PVD
oxides." AIN is one example of such a material used in microelec- that include reactive sputtering,Z' ion plating,zz cathodic arc evapo-
tronic and optoelectronic applications because of its wide bandgap ration,” and CVD**™® have been employed in the deposition of

(6.2eV),” high dielectric constant (~9),° high electrical resistivity AL Ti;_,N as a wear resistant coating. CVD of AL/Ti;_,N is less
(~10"-10" Q cm),” good thermal conductivity (2.85 W/K cm),’ understood; hence, atomic layer deposition (ALD)—a modification

and piezoelectric properties.’ of CVD—can be used as a tool or model system to study and
AIN also has good miscibility with other nitrides, making it understand the surface chemistry and reaction mechanisms in
interesting to many ternary materials with, e.g., Ga,'’ In,'! Ti,"? CVD. ALD combines precise film thickness control, high
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conformality, and high uniformity in film quality and composition
over large areas. In ALD, gaseous precursors are alternately sup-
plied onto a solid substrate. This offers surface self-limiting
layer-by-layer growth, which in turn enables the study of surface
chemistry and reaction mechanisms in CVD of AL, Ti;,_,N using in
situ techniques in ALD.

The most common ALD approach for synthesizing multicom-
ponent materials involves combining the ALD processes for the
binary materials into a supercycle, enabling precise control over the
material composition by adjusting the ratio of the binary materi-
als.”””*® This approach depends on the diffusion of the two binary
materials to form a homogeneous ternary phase, rather than a multi-
layer of the binary materials. Reports on ALD of ALTi;_,N are
scarce. AL,Ti;_,N has only three entries in the Atomic Limits data-
base,”” all for semiconductor-related applications, and all using
supercycles. Xiang et al.’’ successfully developed thermal processes
with trimethyl aluminum (TMA), TiCl,, and NH; as precursors. The
presence of NH; in the reaction led to the formation of AITiN(C)
films, while its absence resulted in AITiC films, suitable for metal
gates and low power FinFET applications. The deposition modes in
that study included multiple precursor pulses and purges, which are
characteristic of the supercycle method. Furthermore, supercycles
consisting of two groups of subcycles dedicated to TiN and AIN,
using TMA, tetrakis(dimethylamido)titanium(IV) (TDMAT), and
N, plasma were applied by Yun et al,” resulting in stoichiometric
AITiN, suitable for applications where both electrical performance
and durability against corrosion are critical. In the third study, Juppo
et al*’ deposited (Al)TiN using TMA, TiCly, and NHj, focusing on
the role of TMA as a reducing agent. The highest growth rates were
achieved using a supercycle pulsing scheme, where NH; is pulsed
after both TiCl, and TMA, forming films with good barrier proper-
ties usable in preventing interdiffusion between copper and silicon.

Here, we present an alternative ALD approach to deposit metasta-
ble high Al-content AL Ti,_,N based on tris-dimethylamido aluminum
(TDMAA) and TDMAT precursors that were co-evaporated into the
reaction chamber in a single dose. This precursor choice was first moti-
vated by the fact that more common Al Ti;_,N deposition processes
rely on chlorine-based precursors such as TiCl, and AlCl;, which not
only require high temperatures but can also lead to Cl incorporation in
the films.”*** Second, our a previous publication from our research
group”” proved that alloying group 13-nitrides (by co-subliming
gallium and indium precursors with identical ligands) leading to
ternary phases enabled tuning properties of the resulting In;_,Ga,N
films. Third, previous studies””’ suggest that organoaluminum com-
pounds with dimethylamino and methyl substitutions, such as
TDMAA, are stable in TDMAT, allowing TDMAA and TDMAT to be
mixed. Finally, mass spectrometry investigations”* have confirmed that
TDMAA and TDMAT do not react with each other in the vapor
phase. To the best of our knowledge, no ALD study of ALTi,_ N
grown with this precursor combination and process approach has been
reported to date.

Il. EXPERIMENTAL DETAILS

A. Film deposition

A hot-wall Picosun R-200 Advanced ALD reactor, equipped
with a Litmas remote inductively coupled plasma (ICP) source, was
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used for the depositions. The reactor operated at 4 mbar with a
continuous flow of 400 SCCM high purity N, (99.999%, further
dried using a getter filter) into the chamber, which was also used as
the purge gas. TDMAA and TDMAT from Sigma-Aldrich (99.999%)
with sublimation temperatures of 120 and 60 °C, respectively, were
used for developing the binaries AIN and TiN.*® To vary the stoichi-
ometry in the films, the sublimation temperature was varied between
90 and 120°C for the TDMAA + TDMAT mixture. The ALD of
Al Ti;_,N was then carried out using the same optimized parameters
as for the binary nitrides, with NH; plasma serving as the nitrogen
source. The ALD process used a plasma discharge in a mixture of
75 SCCM NHj; and 100 SCCM Ar (99.999%, further purified by a
getter filter). The ICP source was located approximately 75 cm above
the substrate and ignited the plasma with a 2800 W plasma power.
Prior to deposition, approximately 2 x 2 cm” Si (100) substrates were
cleaned with acetone and isopropanol for 10 min each to remove
surface contaminants before blow-drying them with N, gas. To avoid
unwanted effects, the reactor was conditioned by long passivation
runs of either N,/NH; plasma or thermal treatment in N, flow for at
least 24 h while maintaining it at 4 mbar operating pressure and
200 °C on both substrate and wall temperature.

Prior to the deposition of Al Ti;_,N films, the growth char-
acteristics of both AIN and TiN were investigated to ensure self-
limiting film growth. Our recent ALD surface chemistry study’”
has shown that both TDMAA and TDMAT do sublime with a
sufficient vapor pressure at 120 and 60 °C for AIN and TiN depo-
sitions, respectively. The ALD of Al Ti;_,N was then carried out
using these optimized parameters at sublimation temperatures
between 90 and 120 °C for the TDMAA + TDMAT mixture and the
chemical composition was monitored. A low deposition temperature
of 200 °C, below the decomposition point for both TDMAA and
TDMAT, and where both precursors show self-limiting growth, was
then selected.

B. Film characterization

Crystallinity was measured in both 6 —26 x-ray diffraction
(XRD) and grazing incidence XRD (GIXRD) geometries using a
PANalytical EMPYREAN MRD diffractometer with a Cu x-ray
tube, wavelength 1.54 A operating at 45kV and 40 mA and using
the mirror and parallel plate collimator, on incident and diffracted
beam optics, respectively. X-ray photoelectron spectroscopy (XPS)
was used for surface analyses comprising elemental compositions
and chemical bonding. The spectrometer was a Kratos AXIS Ultra
DLD, equipped with an Ar sputtering source and employing
monochromatic Al Ko x-ray radiation with 150 W power (anode
current = 10 mA and anode voltage = 15 kV). To remove the surface
oxide and other surface contaminants, which is a result of air expo-
sure and to do a depth profile, sputter etching with a beam energy
of 0.5keV was used. Survey scans for qualitative analysis were
carried out in the range 1200 to —5 eV, with a 1 eV step size and a
dwell time of 300 ms. The recorded photoelectron spectra were ana-
lyzed, using the casaxps software package. By quantitative analysis
in casaxps, the signals originating the thin films could be
de-convoluted and the chemical composition could be quantified.
Gaussian-Lorentz functions and Shirley background were used to
fit the experimental XPS data. Surface morphologies were obtained
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by a Zeiss Gemini SEM 560 scanning electron microscope (SEM)
with an acceleration voltage set to 3kV, a working distance of
~3 mm, and producing images with the in-lens detector.

I1l. RESULTS AND DISCUSSION

Core-level XPS spectra of the chemical states and bonding of
the Al Ti, N, and O atoms in the films were recorded and studied.
Figure 1 shows XPS analysis results of AL,Ti;_,N films deposited
from four different mixing molar ratios (2:1; 3:1; 4:1; and 10:1 and
ascribed as samples 1-4, respectively). In each of the core-level
elemental peaks, peak positions do not change significantly with
changes in precursor molar ratios indicating that the different
elements are in the same bonding state or chemical environment.

ARTICLE pubs.aip.org/avs/jva

The Ti 2p and N 1s peaks were slightly asymmetric, indicating the
presence of different bonding features or contributions in the films.
For a more accurate analysis of the chemical bonding status,
such as metal nitrides and possible metal oxide in the films, all
narrow scans were deconvoluted as illustrated by the selected sample
4 shown in Fig. 2. A key consideration involves understanding the
nature of the oxygen impurities in the films and their potential
chemical interactions with Al, Ti, and N. High-resolution XPS analy-
sis of the Al 2p, Ti 2p, and N 1s peaks provided insights into these
bonding characteristics. Al 2p regions in the spectra of all films
showed symmetrical peaks indicating a clean and almost full AI-N
character assigned at 74.1-74.3 eV.”*™*' As shown in Fig. 2(a) mainly
Al-N bonds and negligible AI-N-O (which is otherwise expected at
around 75.4eV) bonds were observed.”” On the contrary,

© Author(s) 2025
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FIG. 1. Narrow range core-level photoelectron spectra acquired from the Al,Ti;_,N films that were deposited from different molar ratios in four different samples (a) Al 2p,
(b) Ti 2p, (c) N 1s, and (d) O 1s. Carbon contribution is almost below the detection limit in the majority of the samples and, therefore, the C 1s spectrum was omitted.
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FIG. 2. Deconvoluted high-resolution XPS spectra of an Al,Ti;_4N film sample that was deposited from 10:1 molar ratio providing insights into the bonding characteristics

(a) Al 2p, (b) Ti 2p, (c) N 1s, and (d) O 1s.

deconvolution of the Ti 2p spectrum, shown in Fig. 2(b), gives
rise to four peaks or two doublets, due to spin-orbit splitting,
that were identified as corresponding to Ti-N (2p;,, =455.4 eV
and 2p;,, =460.9 eV) and Ti-O-N (2p;/, =457.3-457.4eV and
2p1/> = 462.9-463.4 V). 7*° The Ti-N concentration, i.e., peak
area is lower than the Ti-O-N concentration on the film surface
revealing that Ti is exhibiting more oxide character than the nitride
contribution. This is understandable considering TDMAT’s high
affinity for moisture and oxygen, as will be discussed later.
Three subpeaks were used in fitting the N 1s peak, observed from
the pure N-Al/N-Ti at a binding energy of 396.9 eV while other
subpeaks observed at higher binding energies were assigned to the
three component titanium oxynitride system (N-Ti-O) and the
ignorable oxynitride component of Al (N-AI-O) at 397.9 and
399.6, respectively.*” The O 1s peak at 531.8 eV is quite symmetric

and corresponds to O-Ti-N bonding™ and possibly O-AI-N with
an excludable minor contribution of an XPS peak possibly corre-
sponding to oxygen bonded to carbon.

Elemental quantification, i.e., chemical compositional analysis
of the deposited films from different precursor mixing ratios was
recorded. Figure 3 shows the XPS depth profiles of films deposited
at 200 °C, confirming that Al Ti;_,N was deposited with relatively
uniform elemental distribution throughout the film. The two plots
[Figs. 3(a) and 3(b)] show two samples prepared from 3:1 and 4:1
TDMAA:TDMAT molar ratios, giving almost similar chemical
compositions, illustrating that mixing ratios might actually not play
a significant role in determining film composition. Another
important observation to note is the considerably low impurity
(C and O, both less than 5 at. %) content in the films, an indication
of a well-functioning nitride deposition process. In microelectronics
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FIG. 3. XPS depth profiles of Al,Tis_,N, showing similar high Al-content films with almost 1:1 Al:N ratio and C impurities below detection limit within the bulk of the films.
A 3:1 mole ratio (TDMAA:TDMAT) was used in (a) while a 4:1 mole ratio was used in (b).

applications, increased carbon content can create defects or alter the
microstructure of the films, which may provide pathways for diffusion,
thereby reducing their barrier effectiveness. In some cases, carbon can
enhance the oxidation resistance of ALTi;_,N coatings. However, if
the carbon content is too high, it may lead to the formation of carbon
oxides, which can degrade the protective properties of the coating by
formation of softer phases or reduce the density of the coating.**

TDMAT is highly reactive with water and oxygen exposure,
which can lead to unwanted reactions and contamination during
film growth, complicating the deposition process. This could possibly
explain the O contamination (even though low, below 5at. %) in
almost all the films, e.g,, as shown in Fig. 3. In contrast, TDMAA is
only slightly air sensitive and more stable due to its dimer structure,
which protects the aluminum atom from rapid reactions with mois-
ture and oxygen.”’ This stability allows TDMAA to maintain its
integrity longer during deposition. The higher thermal stability of
TDMAA has been shown in different studies’* by film deposition
at higher temperatures using TDMAA compared to TDMAT, indi-
cating that TDMAA can endure higher thermal conditions without
decomposing, facilitating more controlled film growth.

When TDMAA and TDMAT are exposed to NHj, they
undergo a complete transamination reaction,”® transferring amino
groups and forming new compounds with less carbon while
releasing dimethylamine. Transaminated compounds decompose
at significantly lower temperatures compared to their nontransa-
minated counterparts. As a result, the overall activation energy
required for the decomposition of these dimethyl amido precur-
sors is reduced, allowing for film deposition to occur at lower
temperatures which can be advantageous for deposition on tem-
perature sensitive substrates. This can enhance the quality of the
films produced and improve the incorporation of desired ele-
ments into the film structure while minimizing unwanted carbon
content and other impurities.”” ™’

Figure 4 shows the XPS depth profiles, illustrating the effects
of molar ratio changes from 2:1 to 10:1 TDMAA:TDMAT on
Al Ti;_,N film composition. The chemical composition of the grown
films, as shown by XPS, still shows Al-rich films but with slightly
reduced Al contribution and increased Ti content. This change in film
composition was the opposite of the change in precursor mixture.

XPS depth profile analysis (Figs. 3 and 4) reveals that the
surface composition before sputtering predominantly comprises
oxides, i.e., metal oxide and oxidized metal nitride, while the bulk
of the films have low oxygen content and C content almost below
the detection limit of XPS. This scenario is consistent with surface
oxidation of Al Ti;_,N when exposed to air, resulting in a protec-
tive oxide layer on the film surface.”®

Figure 5 shows XPS depth profiles for Al Ti;_,N samples that
were grown from the same precursor mixture without refilling the
bubbler. The Ti component of the films decreases gradually with
continued deposition, which is explained by the differences in reac-
tivity between TDMAA and TDMAT with NH3;, which leads to the
depletion of the Ti precursor.

The mixture of TDMAA and TDMAT is generally a disper-
sion that becomes liquid in excess TDMAT. TDMAA is a solid at
room temperature and has a lower vapor pressure than the liquid
TDMAT, resulting in preferential TDMAT evaporation, meaning
if there is a need to increase the Ti content in the films, excess
TDMAT is required, otherwise eventually deposited films will just
be AIN. Figure 5 illustrates how the differences in precursor vola-
tilities affect film composition.

From the XPS results, it appears that the films were very rich
in Al regardless of the mixing ratio of TDMAT to TDMAA. This
can be explained by several reasons:

(i) Nucleation delay differences—both AIN ALD™ and TiN
ALD”” have shown that nucleation is easy (no nucleation
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FIG. 4. XPS depth profiles of Al,Ti;_4N, showing N-rich thin films with low levels of C and O contamination. A 2:1 mole ratio (TDMAA:TDMAT) mixture was used in (a)
while a 10:1 mole ratio was used in (b).

delays), as shown by both ALD processes exhibiting (ii) Possible substrate effects—AIN and TiN possibly nucleate dif-
substrate-enhanced growth, i.e., growth per cycle (GPC) that is ferently on different substrates. In trying to address this, in

high at the very start of the deposition. However, plotting the addition to Si, we tried deposition on different substrates:
number of cycles against film thickness for the two processes Al,O3, SiC, and TiN-coated Si. The Ti at.% in all three N
gives intercepts at around —111 cycles for AIN and approxi- samples was similar (8.8%, 8.6%, and 8.5%, respectively), =
mately —5 cycles for TiN, which therefore points to the fact showing that AIN always nucleates faster and more effi- 5
that AIN nucleates faster than TiN, hence less Ti may be ciently than TiN regardless of the substrates, at least, for the §
incorporated in the film. investigated substrates. g
g
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FIG. 5. XPS depth profiles of Al,Ti;_,N thin films grown from the same bubbler, using the same co-evaporated 1:1 mole ratio TDMAA:TDMAT mixture with results from
the first run shown in (a) while the second run is shown in (b), without refilling the bubbler.
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(iii)

(iv)

Kinetic differences—a reaction kinetics favoring the incorpora-
tion of Al will lead to a higher Al content in the Al Ti;_,N
films. The reaction between Ti(NMe,)s and NH; has been
reported with an activation energy of 33.5kJ mol™".°>°" In our
recent work’® on AIN ALD from Al(NMe,); and NH;, we
reported a lower activation barrier of 27 kJmol™', meaning
that TDMAA reacts more readily. This suggests that Al is
more easily incorporated into the films. In this present study,
we investigated how the reaction rate (or Ti incorporation)
changes with temperature for depositions with a 1:1 precursor
molar ratio at 200, 250, and 300 °C. The Ti atomic composition
was found to be 3.9%, 5.8%, and 7.2%, respectively. The differ-
ences are not that remarkable but there is a trend that might
point toward kinetics preventing Ti from being incorporated.

Steric effects—the three dimethylamido ligands of TDMAA
suggest a planar coordination around a sp>-hybridized Al
atom. The four ligands of TDMAT suggest a tetrahedral coor-
dination around a sp>-hybridized Ti atom. The sp>-hybridized
Al atom with a lone p-orbital should be more susceptible to a

s-deposited |

AI0.87Ti0.13N

6 O
Fi &
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nucleophilic attack from a surface amine group with a free
electron pair on the nitrogen atom. This suggests that Al is
more easily incorporated into the films.

(v) Thermodynamics—Ti incorporation is generally more favor-
able than Al incorporation due to the somewhat higher
stability of Ti compounds, lower Gibbs free energy of forma-
tion (at standard conditions, AG for TiN ~ —339 kJ/mol and
AG for AIN ~ —318 kJ/mol),”” and favorable reaction ener-
gies. The actual incorporation rates will also depend on
kinetic factors and processing conditions. Even if Ti incorpo-
ration is thermodynamically favored, the kinetics of the reac-
tion may be slower compared to Al, which could lead to
differences in the final material properties.

Finally, it is important to note that, from our results, the rela-
tionship between mixing ratios and chemical composition seems
contradictory or looks like there is no direct relationship at all
between these two variables. This speaks to the difficulty in stoichi-
ometry control that one faces when using this approach, hence the

10:
x TDMAA : TDMAT

96:0€:60 520z Aen €2

FIG. 6. SEM images of Al,Ti_xN thin films grown from a 1:10 mole ratio (TDMAA:TDMAT) mixture before and after annealing shown in (a) and (c) while films from a 10:1
mole ratio before and after annealing are shown in (b) and (d), respectively.
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above considerations must be taken into account for each given
material system when one is using the co-evaporation method.
Figure 6 shows the SEM images of the as-deposited
Alog7Tip 13N and Alyg Tig19N [Figs. 6(a) and 6(b)] thin films
deposited from a 1:10 and 10:1 (TDMAA:TDMAT) molar ratio,
respectively, in comparison with their annealed counterparts
[Figs. 6(c) and 6(d)]. The two sets of samples have a uniform
surface morphology. The top view electron micrographs show that
the high Al-content Al Ti;_,N thin films grew with uniform grain
size distribution and dense morphology. The films exhibit big and
distinct grains -that were measurable to approximately between
0.10 and 0.15 um, with uniform distribution of surface features.
Additionally, no distinct pinholes or macroparticles are observed
in the images. The morphology of the films did not change with
annealing [Figs. 6(c) and 6(d)], indicating that the films have
good thermal stability (withstanding elevated temperatures with
no morphological changes). Additionally, no changes in morphol-
ogy could suggest limited atomic diffusion within the film (due to
a high activation energy barrier for diffusion or a lack of sufficient
thermal energy to facilitate atomic movement, which can hinder
processes like grain growth or surface rearrangement). It can also
mean the stability of existing phases (no driving force for trans-
formation or growth, leading to a consistent morphology).”’
Cross-sectional SEM measurements gave sample thicknesses
between approximately 50-350 nm, which are remarkably thick
films by typical ALD standards. This is illustrated by the GPC
versus mixing ratio shown in Fig. 7(a) while Fig. 7(b) shows how
the Ti content in the films is affected by the mixing ratio. The
GPC increases with an increase in the molar ratio, i.e., a decrease
in the Ti precursor ratio, which also renders an increase in the Ti
content in the films. Based on the individual GPCs of TiN and
AIN, the film growth results in Fig. 7 would seem somewhat
counter-intuitive. A previous study’' has shown that the growth
characteristics of TiN saturate at 0.5 A/cycle, which is lower than

ARTICLE pubs.aip.org/avs/jva

that of AIN at approximately 1 A/cycle, while the GPC for AITiN
GPC was then found to be 5 A/cycle. This was also illustrated in
another AITiN ALD study,M which gave a GPC of 3.5 A/cycle,
even though the growth rates for TiN and AIN reached saturation
levels of 2.4 and 1.5 A/cycle, respectively. It is common to observe
a similar discrepancy and fluctuation between the measured and
calculated or expected growth rates in various multicomponent
films prepared by ALD.”” This variation possibly arises from the
differences in the quantity of chemisorbed precursors on hetero-
geneous versus homogeneous surfaces.”’ For example, it is not
far-fetched to think that a smaller amount of TDMAT chemisorbs
on an AIN surface compared to the more uniform TiN surface
and vice versa. Therefore, it can be speculated that the titanium
content in the films may shift the growth dynamics to favor an
effective growth rate due to the enhanced availability of the reac-
tive species during the co-evaporation approach.

Figure 8 displays the GIXRD patterns of the as-deposited
Al Ti;_,N thin films with different compositions as deposited and
after annealing at 700°C in N, for 2h. The GIXRD pattern of
sample 1 (Algg;Tiy1oN) after annealing shows peaks corresponding
to a hexagonal AIN. An additional weak peak at 45° could be
ascribed to (200) of cubic Al Ti;_,N, suggesting the possibility of
mixed phases in the annealed film. The other films still appear
x-ray amorphous after annealing.

The x-ray amorphous nature of the films could suggest an
almost full incorporation of AIN. When aluminum is incorporated
into the TiN lattice to form AL Ti;_,N, the smaller ionic radii (0.54 A
for A" compared to 0.67 A for Ti*")*>” allow it to substitute for
titanium atoms in the lattice. This substitution can disrupt the regular
arrangement of atoms, leading to increased disorder within the mate-
rial. Computational methods by Forslund and Ruban” on how Ti
inclusions affect the cubic structure and the overall properties of
Al,Ti;_,N alloys have been used to understand the thermodynamic
driving forces influencing coating formation during the CVD process.

5
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FIG. 7. Relationship between (a) GPC and (b) Ti content, with changes in precursor mixing molar ratios.
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FIG. 8. GIXRD patterns of as deposited Al,Ti;_4N films with different elemental compositions before annealing (a) and GIXRD results from high temperature annealing of
AlxTis_xN samples up to 700 °C (b). Sample 1, (black line), showed signs of h-AIN and possibly c-AITiN with weak, broad peaks.

Their calculations were compared with experimental observations,
particularly regarding the preferential growth of certain facets and the
segregation of Ti atoms to the surface during the growth of Al-rich
films. They revealed that the surface energies of random AL Ti; N
alloys exhibit minimal dependence on composition, with a significant
increase in Ti segregation tendency occurring near pure AIN. The
greater the concentration of Al, the more pronounced the segregation
of Ti to the surface becomes. In our case, as a result, the presence of
high aluminum content hinders the formation of a well-defined crys-
talline structure, promoting an amorphous phase instead.”” This
amorphous nature leads to a loss of long-range crystalline order of
TiN.”' Notably, an amorphous structure is often considered advanta-
geous for certain applications, e.g., corrosion-resistant coatings due to
the absence of defective grain boundaries.”” Even though this is a
shortcoming in hard coating applications, the behavior is significant
in other applications where such specific material properties are
desired, for example, diffusion barriers in microelectronics.

IV. CONCLUSIONS

In summary, we developed a new ALD process to deposit high
Al-content Al Ti;_,N by co-evaporating dimethylamidometal
complexes, TDMAA and TDMAT, and adding NH; plasma as the
nitrogen source—offering an alternative to the more common
supercycle approach. We successfully deposited low impurity
(<5 at. %) AL Ti;_,N thin films at temperatures as low as 200 °C.
The cubic ALTi;_,N phase could not be explicitly exhibited from our
results, and more work needs to be done to improve the cubic phase
and/or minimize the hexagonal phases if these films are to be useable
in hard coating applications. Our results suggest that TDMAA and
TDMAT are promising precursors for low-temperature/low-pressure
co-evaporation ALD of ALTi,_,N and more ternaries can be depos-
ited using the same method. These findings offer a promising

alternative to the more common supercycle approach and overall,
important insights into multicomponent ALD processes.
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