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Abstract: Glancing angle deposition (GLAD) of AIN nanostructures was performed at room
temperature by reactive magnetron sputtering in a mixed gas atmosphere of Ar and N,. The growth
behavior of nanostructures shows strong dependence on the total working pressure and angle of
incoming flux. In GLAD configuration, the morphology changed from coalesced, vertical nanocolumns
with faceted terminations to highly inclined, fan-like, layered nanostructures (up to 38°); while column
lengths decreased from around 1743 to 1068 nm with decreasing pressure from 10 to 1.5 mTorr,
respectively. This indicates a change in the dominant growth mechanism from ambient flux dependent
deposition to directional ballistic shadowing deposition with decreasing working pressures, which is
associated with the change of energy and incident angle of incoming reactive species. These results
were corroborated using simulation of metal transport (SiMTra) simulations performed at similar
working pressures using Ar and N separately, which showed the average particle energy and average
angle of incidence decreased while the total average scattering angle of the metal flux arriving at
substrate increased with increasing working pressures. Observing the crystalline orientation of GLAD
deposited wurtzite AIN nanocolumns using X-ray diffraction (XRD), pole-figure measurements
revealed c-axis <0001> growth towards the direction of incoming flux and a transition from fiber-like
to biaxial texture took place with increasing working pressures. Under normal deposition conditions,
AIN layer morphology changed from {0001} to {1011} with increasing working pressure because of
kinetic energy-driven growth.
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1. Introduction

Understanding the growth of nanoscale materials and thin films from the vapor phase is of
fundamental importance to realize practical applications. Although simple geometries of nanomaterials
have their place in materials research, advancements in growth technology have demonstrated
the importance of thin films and anisotropic nanostructures and the crucial correlation to their
morphology [1-3] and crystal structure [4-7]. Thin films have found utility in practically endless
applications, such as electrical insulators [8], hard coatings [9], photovoltaics [10] and piezoelectric
devices [11], just to name a few, with the earliest documented use being as early as ~2600 BC [12].
Structured/sculptured thin films in particular first emerged around 1996 [13], soon finding utility in
optics [14], biomedicine [15], hydrophobic coatings [16], solar cells [17], etc. There are abundant ways
to grow thin films such as metal organic chemical vapor deposition (MOCVD), molecular beam epitaxy
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(MBE), electron cyclotron resonance dual-ion beam sputtering, and pulsed laser ablation. However,
they are expensive processes requiring high process temperatures, motivating the selection of the
physical vapor deposition (PVD) route, like direct current (DC) magnetron sputtering, with prospects
of improved film quality and versatility in terms of process parameters such as non-equilibrium low
temperature growth. Also, films deposited using a line of sight configuration in PVD usually exhibit
columnar morphologies thereby offering the opportunity to incorporate glancing angle deposition
(GLAD) for sculptured thin films [18-20]. GLAD is a development from the oblique angle deposition
technique (OAD), which has been widely used to grow complex nanostructures by manipulating the
substrate and/or source orientation during the deposition process. Here, the trajectory of incident
flux to the substrate (angle of incidence, ) is directed to be almost perpendicular to the substrate
normal (e > 70°). This results in films with anisotropic physical properties such as a tilted columnar
morphology. Adding substrate rotation (rotation angle, @) results in another degree of freedom and the
technique is termed GLAD, see Figure 1a [21-23]. As a result, films with complex architectures such as
chevrons, nanospirals, inclined columns and branched nanocolumns have been grown [14,24-30] for
applications such as optical sensors, pressure sensors, field emitters, gas sensors, photonics, wettability,
and biocompatibility [31-38].
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Figure 1. (a) Glancing angle deposition (GLAD) configuration showing incident flux angle, «,
and rotation angle, ¢, around the substrate normal. (b) Growth of nanocolumns with GLAD in
Volmer—Weber growth mode illustrating growth progression, incident flux angle, &, column tilt angle,
(3, column length, L, and overall film thickness, Tt.

Films deposited using the GLAD technique tend to follow the Volmer—Weber growth mode [39],
where the adatoms are more reactive with each other than with the substrate, and results in the
formation of three-dimensional islands owing to higher adatom—adatom interaction. Generally,
nucleation sets the course for the structural evolution of deposited films [40,41]. For amorphous
substrates and deposition at low temperatures, the initial nucleation stage is usually random in nature.
However, subsequent growth is a competitive process and has a preferred orientation due to the
GLAD configuration. Thanks to this oblique growth configuration, the region behind the nucleus is
shadowed and incoming atoms deposit on the exposed surface of the nuclei aligned towards the source
of incoming flux [22]. This line-of-sight deposition is termed “ballistic shadowing” and results in tilted,
separate columns of different heights oriented towards the source with an angle 3 from the substrate’s
normal (illustrated in Figure 1b). Experimentally, 3 is not equal to « and is highly dependent on
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the choice of materials and deposition method. Several models have been proposed to explain this
relationship: universal models such as the empirical tangent rule proposed by Nieuwenhuizen et al. [42]
and ballistic cosine rule by Tait et al. [43] are the most popular, where the former works for smaller
values of « and the latter fits experimental data better for & > 70°. Another ballistic simulations-based
approach was proposed by Meakin et al. [44] in an attempt to fit the whole range of o with 3 using
two linear functions separated by an intermediate transition zone, while Lichter et al. [45] proposed a
continuum approach using an input parameter that depends on surface diffusion. Tanto et al. [46]
proposed a semi-empirical model to relate oc and 3 using a parameter called “fan angle”, summarizing
deposition and material properties into this single parameter. Thus, the x—f3 relationship has been a
topic of widespread discussion owing to discrepancies between the geometric considerations used to
describe the empirical model and different material types and/or growth conditions [47,48].

Elucidation of such column and flux inclinations from substrate normal became imperative after
some early reports demonstrated birefringent and dichromatic properties of deposited films as a direct
result of film morphology [21,22]. This morphology was achieved by manipulating substrate rotation
while impinging flux arrived at the substrate from an oblique angle resulting in a thin film composed
of nanospirals. Local birefringence arising due to this chiral morphology represents a twisted biaxial
media, and such structures have found utility as Bragg reflectors, filters, and inverters [49-51].

AIN with its large bandgap (6.2 eV), high refractive index (>2.1 in the visible and near-infrared
range), high electrical resistivity (10°-10'' Q»-m), and high thermal conductivity (180 Wm LK )isa
well-documented material of choice for various applications ranging from electrical isolation, surface
acoustic wave devices, vibrational gyroscopes, microelectromechanical system (MEMS) oscillators,
ultraviolet (UV) light emitting diodes, UV dosimetry, etc. [52,53]. Although various deposition
techniques [54-56] and growth models [39,57] have been reported and its wide use in piezoelectric
applications has led various research groups to investigate its texture development by altering various
deposition parameters [58]. However, knowledge about the evolution of AIN nanostructures and
growth at different working gas pressures and deposition angles is still insufficient.

In this study, off-axis growth of columnar AIN thin films is studied at room temperature in the
mTorr regime with varying working gas pressure. These observations are compared with columnar AIN
films grown at similar working gas pressures but with a normal configuration (incident flux parallel to
the substrate normal) to elucidate differences in characteristics between the two growth configurations,
in particular, the deviation of the evolution of nanostructure morphology and crystalline orientation
with deposition parameters. The effect of our deposition parameters on the arrival of metal flux
(sputtered using Ar and N separately) to the substrate was simulated using simulation of metal transport
(SiMTra) [59] to further understand the influence of deposition conditions and configuration on the
evolution of nanostructures in terms of scattering angle, energy, and number of incoming particles.
Nanostructures with tailored chirality show interesting optical phenomena [60,61] while providing
additional avenues for nanoengineering and in this study we explore possibilities and important
parameters for the growth of nitride semiconductor chiral nanostructures using GLAD configuration.

2. Materials and Methods

Nanostructured AIN thin films were synthesized by reactive DC magnetron sputter deposition
(Mantis Deposition Ltd., Oxfordshire, UK). The vacuum system was equipped with a multi-movement
manipulator allowing the substrate to be tilted to manipulate the angle between incoming particle flux
and the substrate’s normal, o, from 0 to 90°. All depositions were made at room temperature (300 K) in
an ultra-high vacuum (UHV) chamber evacuated below 3 x 1078 Torr (4 X 1076 Pa). An Al metal target
(99.999% purity, 7.62 cm diameter and 0.3 cm thick) from ACI Alloys was used as the sputtering source,
while films were grown on 1 X 1 cm? 111-oriented Si substrates without removing the native oxide of
amorphous SiO,, which is about 2 nm thick. Prior to deposition, the Si substrates were cleaned in an
ultrasonic bath using isopropanol and acetone for 5 min each and blown dry with pure Ny, and the Al
target was pre-sputtered for 10 min in Ar environment. All depositions were carried out by sputtering
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the Al target in a gas mixture of Ar (99.99999% purity) and N; (99.99999% purity) atmosphere with a
partial pressure ratio of 1:1, and a power of 300 W was applied to the Al target. The target-to-substrate
distance (D) between the metallic target and the substrate was set to 12 cm.

Two different deposition configurations, (a) GLAD: « = 85° and (b) normal deposition: « = 0°,
were carried out at four different total working pressures of 1.5, 3, 5, and 10 mTorr (0.19, 0.39, 0.66,
and 1.33 Pa, respectively). The corresponding mean free paths of atomic Al were calculated to be about
5.7,2.8,1.7, and 0.8 cm at these working pressures, respectively, suggesting higher scattering at higher
working pressures. A typical deposition was carried out for 120 min. No external substrate bias was
applied during deposition, and floating potentials of —12.3, —10.9, —8.8, and —6.8 V were obtained
corresponding to the aforementioned working pressures, respectively. In addition, another two
shorter-time depositions of 30 min were made at « = 0° and 85°, in order to study the initial growth.

The top and side views of as grown films were investigated using a Zeiss LEO 1550 field-emission
scanning electron microscope (FE-SEM, Zeiss, Oberkochen, Germany) with a 10 kV accelerating voltage
and InLens detector. The side view measurements were made by cleaving the samples which allowed
the measurement of nanocolumn tilts and heights in the films, while the top view allowed for an
overall determination of film morphology. Further analyses of nanocolumn length, tilts, diameter, film
thickness and porosity were calculated using Image] software (1.52a). X-ray diffraction (XRD) pole
figure measurements were performed using a PANalytical Empyrean x-ray diffractometer (Malvern
Panalytical, Almelo, The Netherlands) with a 0.2° capillary x-ray lens collimator and a 0.27° parallel
plate collimator as primary and secondary optics, respectively. A 45 kV generator voltage and 40 mA
tube current were used for the Cu x-ray source to study the film crystal structure. A 5° step size was
chosen to acquire data for pole figure measurements along both 1 (tilt) and ¢ (rotation) directions,
with 1y ranging from 0° to 85° and ¢ ranging from 0° to 360°, respectively, together with a collection
time of 0.88 s/step.

For the simulation of metal flux arriving at the substrate using SiMTra software (2.2.0),
the simulation model was designed as per the actual experimental specifications—a 500 L cylinder
was chosen to represent the physical plasma chamber, which is a cylindrical metallic chamber 75 cm in
height and 90 cm in diameter. The same dimensions were used in the simulation model in order to
have roughly the same volume (the actual volume may vary slightly due to the presence of ports and
ducts in the physical chamber, which were not taken into account for the simulation model). For the
source, a cylindrical magnetron 10 cm in diameter and a planar Al target with an axial-symmetric
racetrack profile were chosen. The ground shield of the magnetron was designed in a way to ensure
the area of the target being sputtered remained the same as the actual sputtered area on the physical
target. A 5 x 5 cm? surface was used as the substrate, placed 12 cm from the target at an angle of
85° from the target’s surface normal to represent a GLAD configuration. The nascent energy and
angular distribution of sputter gas ions was taken from sputter simulations with binary collisions
approximation software package—stopping and range of ions in matter (SRIM) [62]. Simulations
were made at the same temperature and working pressure as the experimental conditions; however,
the sputter gas was chosen as Ar and N separately. The choice of a larger substrate and single sputter
gas was made to obtain an overall understanding of the metal flux arriving at the substrate and the
effect of chosen deposition conditions on it.

3. Results

3.1. Morphological Characteristics of Glancing Angle Deposition (GLAD) AIN Films

Figure 2 shows top- and side-view scanning electron microscope (SEM) images of AIN thin films
grown in GLAD configuration, o« = 85°, at different pressures, revealing columnar features in all
samples while having different inclined angles, 3, from the substrate’s normal. Physical attributes
of the nanocolumns such as column length (L), column tilt () and overall film thickness (1) can be
interpreted according to the illustration in Figure 1b. The AIN film grown at 10 mTorr working pressure
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(Figure 2a,e) exhibits a highly coalesced and faceted nanocolumnar morphology, with individual
columns being about 40 nm wide and 1743 nm long, with the least inclination, 3~5°. At 5 mTorr
(Figure 2b,f), the columns appear to be about 30 nm wide, 1336 nm long and 3~19°. Going further
down in working pressure, at 3 mTorr (Figure 2¢,g) the film morphology appears layered and fan-like,
with the individual columns about 25 nm thick, inclined at 25° with a length of 1151 nm. At 1.5 mTorr
working pressure (Figure 2d,h), the columns show maximum inclination with 3 up to ~38° while
the length and thickness of nanocolumns further decrease to 1068 and 15 nm, respectively. The T is
observed to be 1700, 1300, 950, and 800 nm at 10, 5, 3, and 1.5 mTorr working pressures, respectively,
which are slightly smaller than the aforementioned column lengths due to 3.

100 nm

(b) 5 mTorr (c) 3 mTorr (d) 1.5 mTorr

() (8) (h)

Figure 2. (a—d) Top-view and (e-h) side-view scanning electron microscope (SEM) images of AIN
nanocolumns grown at different working gas pressures. The average 3 angles measured from side-view
images (e-h) are 38°, 25°, 19°, and 5°, respectively. Initial and final 3 values of the nanocolumns are
indicated at the bottom and top (respectively) in the side-view images (discussed in Section 3.1).

The above results clearly show that reducing the working pressure from 10 to 1.5 mTorr results
in reduced column growth rates (from 14.5 to 8.9 nm/min), reduced T¥, smaller column diameters,
but higher 3 from the substrate’s normal. Looking closely at Figure 2e-h, the film exhibits a slightly
higher 3 at the beginning of deposition compared to the termination of the deposition process.
The column diameters are smaller in the beginning but increase over time as the deposition progresses.
This occurs due to the anisotropic nature of shadowing [18] and a “dragging mechanism” which
mobilizes the incoming atoms on the nanocolumn surface [63]. This results in a slight bend (see
side-view images) in the nanocolumn morphology when comparing the nanocolumn inclinations
towards the start and end of film deposition. A lower working pressure leads to flat and coalesced
column terminations with an overall porous microstructural density, which is typical of GLAD
deposited thin films [64], while higher working pressures result in faceted column terminations.
Area fraction estimations of the top-view SEM images was performed using Image] software to
determine the porosity of the GLAD-deposited AIN columnar thin films at different working pressures.
The porosity variation was calculated to be 8.7%, 12.9%, 17.8%, and 27.8% for AIN thin films grown at
10, 5, 3, and 1.5 mTorr working pressures, respectively. This indicates that porosity of GLAD deposited
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AIN columnar thin films increased with lowering working pressure. At lower pressures, the ballistic
shadowing-assisted growth resulted in a layered, fan-like structure comprised of AIN nanocolumns
with higher (3 coalesced to their adjacent neighbors, creating deeper trenches and hence resulting in an
overall higher porosity.

3.2. Crystallographic Characteristics

As a result of GLAD characteristic, the growth direction of as-grown film often tilts away from
substrate surface normal. Both morphology and microstructure of the film can vary with the use of
deposition configuration. Therefore, 6/26-scan XRD, which can only measure the crystal planes parallel
to the substrate surface, is an improper technique to investigate GLAD film. To study crystalline titling
with respect to (w.r.t.) substrate surface normal and degree of fiber/biaxial texture, the XRD pole-figure
measurement at a fixed 20 angle, referred as pole or crystal plane, is performed by mapping the tilting
angle, \p: 0°-85°, and rotation angle, @: 0°-360°, of the sample, controlled precisely by a goniometer in
the diffractometer. To determine crystalline orientation of nanocolumns w.r.t. the substrate surface
normal, J = 0°, two perpendicular planes, {0002} and {1010} corresponding to basal and prismatic
planes, respectively, of wurtzite crystal were chosen.

3.2.1. GLAD: a = 85°

Figure 3 shows XRD pole figures of GLAD AIN columnar films obtained at diffraction angles of
26 = 36.03° (top) and 33.2° (bottom), which are corresponding to the {0002} and {1010} of wurtzite AIN,
respectively. With reducing the working pressure from 10 to 1.5 mTorr, the contour of 0002 pole figures
(top figures) vary from a ring to two poles, respectively, but all with a dominant pole towards flux
direction (marked with an arrow in the figure) at {»~55°, indicating that the c plane, {0002}, of most
nanocolumns tilts towards the sputtering source. The weak poles located at the opposite direction
means a small number of domains have their ¢ plane facing away from the source. As to the 1010
pole figures (bottom figures) of the samples grown at higher pressures, a maximum intensity of 1010
planes at 1 = 35° and 65° (1 strong pole at 35° arising from {1010}, 2 poles of weaker intensity at 65°
from {1100} and {0110}) are observed for both 10 mTorr (Figure 3e) and 5 mTorr (Figure 3f) depositions,
respectively, indicating that the basal plane orientation of crystallites have a high degree of ordering.
Similar pole figures of the samples grown at 3 and 1.5 mTorr show that the 1010 poles become arc-like
contours, indicating a disordered basal plane orientation of the crystallites. The above results exhibit an
overall change from biaxial to fiber texture with ¢ plane tilted toward to flux direction, as the working
gas pressure is reduced.
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Figure 3. Pole figures for AIN 0002 (a—d) and 1010 (e-h) grown with o = 85° at different working gas
pressures with black arrows indicating direction of incoming flux.
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More details regarding grain alignment perpendicular and parallel to the substrate surface can
be found from the full width at half maximum (FWHM) of the peaks and used to understand the
degree of texture at different working gas pressures. In Figure 4 the graphs illustrate this information,
where the FWHM values of AIN 0002 poles increase from 8° to 20° along { and 17° to 115° along ¢
directions, respectively (Figure 4a), and the maximum intensity of the AIN 0002 poles decreases from
2704 to 325 cps as the working gas pressure is increased from 1.5 to 10 mTorr (Figure 4b). The positions
of AIN 0002 poles are observed at = 45°, 50°, 55°, and 55° for 1.5, 3, 5, and 10 mTorr working
pressures, respectively.
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Figure 4. Plots showing AIN (0002) (a) peak full width at half maximum (FWHM) along 1 and ¢ and
(b) peak intensity with corresponding polar position at different working pressures.

This means that at 10 mTorr working gas pressure the AIN c-axis is tilted by 55° w.r.t. substrate
surface normal with a mosaic spread of +10° and an azimuthal spread of +57.5° around the c-axis;
while at 1.5 mTorr working gas pressure, the AIN c-axis is tilted by 45° with respect to surface normal
with a mosaic spread of +4° and an azimuthal spread of +8.5° around the c-axis, consistent with the
pole figures in Figure 3.

3.2.2. Normal Deposition: « = 0°

To further study the effect of incoming flux direction on the crystal orientation of as-grown AIN
films, the pole figure measurement was performed on the AIN films deposited with the deposition flux
parallel to the substrate normal (o« = 0°) at different working pressures, shown in Figure 5. At higher
working pressure, 10 and 5 mTorr, both 0002 and 1010 pole figures reveal the contour in the form of
circular rings. Only one ring located at 1) around 60° is observed in the 0002 pole figures (Figure 5a,b),
indicating a randomly oriented basal plane orientation with a 60° tilt around the growth direction.
Two rings located at { around 30° and 60° are observed in 1010 pole figures (Figure 5e,f), which are
attributed to the contribution of prismatic planes {1100} and {0110} of wurtzite AIN. The above results
indicate that the AIN columnar films may be grown with one of pyramidal planes towards the flux
direction. When the working pressure was reduced to 3 and 1.5 mTorr, the contour shown in 0002 pole
figures (Figure 5c,d) becomes a dominant single pole located very close to the center, indicating that
the AIN films were grown along the c-axis direction. (Note: The slight tilt of the pole is believed to be
due to misalignment in substrate position with respect to flux direction.) As to the 1010 pole figures,
no obvious ring or pole is expected to present because the prismatic planes are perpendicular to ¢ plane.
However, an arc contour located at 1 close to 90° is still observed in 1.5 mTorr sample’s pole figure
(Figure 5h), which further confirms misalignment in substrate position during this sample deposition.
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Figure 5. Pole figures for AIN 0002 (a—d) and 1010 (e-h) grown with « = 0° at different working gas
pressures with black arrows indicating the direction of incoming flux.

To further corroborate the transformation of dominant growth planes at different working gas
pressures, XRD 6-26 scans of AIN thin films grown with a normal configuration (x = 0°) were
performed. Figure 6 shows a clear transition of crystal plane from 0002 (20 = 36.12°) dominated growth
at 1.5 mTorr to 1011 (20 = 37.92°) dominated growth at 10 mTorr working gas pressure. Here, the peak
positions are quite close to the strain-free bulk AIN, 26 = 36.04° and 37.91° for AIN(0002) and AIN
(1011) respectively, extracted from International Centre for Diffraction Data (ICDD) reference code
00-025-1133, indicating that the formed AIN individual nanocolumns were grown close to stoichiometry.
However, a very small peak located at ~38.3°, referred to Al (111), is observed at 3 and 1.5 mTorr,
indicating the growth is under a slightly N insufficient condition.
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1.5
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Figure 6. X-ray diffraction (XRD) 6-26 scans of AIN thin films at different working gas pressures.
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3.2.3. Short-Time Growth for Both « = 85° and 0°

As the working gas pressure is reduced, the 0002 poles appear more concentrated and show a
tendency of tilting towards to the source, thereby indicating c-axis growth is flux dominated at lower
pressures and its direction is primarily guided by incident flux direction. This preferred orientation
was further studied by investigating AIN 0002 pole figures for a short deposition time (30 min) both
using GLAD and normal deposition configurations, shown in Figure 7a,b, respectively. The 1\ angles
of AIN 0002 poles are almost the same as angles obtained from the 120 min deposition films located at
45° and 0° for oc = 85° and 0°, respectively. The result of c-axis growth dominated by incoming flux
direction at lower pressures indicates that the evolution of a preferred orientation starts early in the
deposition process.

60

30

30

60

(a) o = 85°

Figure 7. AIN 0002 pole figures for samples grown for 30 min at 1.5 mTorr using (a) GLAD and

(b) normal deposition configuration with black arrows indicating the direction of incoming flux.

Figure 8 summarizes the above results. For GLAD-deposited columnar AIN thin films,
lower working pressure results in increased {3 from the substrate normal, with the c-axis inclined
towards the source by an angle between 45° and 55°. Athigher working pressure, 3 reduces significantly
but the c-plane remains inclined towards the source by 55°. For normally deposited columnar AIN
thin films, lower working gas pressures did not affect the growth direction of the individual columns
and they remain oriented perpendicular to the substrate surface. However, increasing the working
pressure from 3 to 5 mTorr results in the c-axis tilt abruptly changing from 0° to around 60°.
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Figure 8. Plot illustrating variation of AIN column and c-axis tilts for both growth configurations at
different working gas pressures.
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3.3. Metal Flux Simulations

The average angle of incidence, « and average energy of sputtered metal flux, Ep, arrived at the
substrate was simulated using SiMTra at the same working conditions as GLAD depositions. Figure 9
shows the average « of incoming particles deposited on the substrate. The top and bottom edge of
the maps represents substrate sides facing toward and away from the target, respectively. The actual
substrate dimensions and position used in the experiments is represented in the form of a dashed-line
square. From the following figures it can be observed that as working pressure decreases from 10 to
1.5 mTorr, the average o increases from about 46° to 59° (Figure 9a—d) and about 48° to 66° (Figure 9e-h)
from the surface normal for Ar and N, respectively. This indicates a strong correlation between « of
the incoming particles with working pressure, even when the substrate position and tilt were kept
constant with regard to the source.

Sample edge facing Al source

'75
= 67
8
1 B
2
s 51
2
2 Q43
<
35
a) 10 mTorr (b) 5 mTorr (¢) 3 mTorr
Sample edge facing Al source
§s
o 67
o
8
o @59
o
£
‘ s 51
¥ K
: 2§43
e <

(e) () (8) (h)
Figure 9. Simulations showing average o of incoming metal flux when Al is sputtered using Ar (top)
and N (bottom) at 10 (ae), 5 (b,f), 3 (c,g), and 1.5 (d,h) mTorr working pressures in GLAD configuration.
The dashed-line square in the maps represents position and (1 x 1 cm?) dimensions of the substrate
while the gradient map represents a 5 x 5 cm? area to visualize the behavior of transport of metal flux
to and around the substrate. The maps are oriented such that the top edge of the map faces the Al
source (not shown) placed 12 cm away from the dashed-line square (substrate).

Looking at average Ep, as the working pressure is reduced from 10 to 1.5 mTorr, average Ep
increased from about 2.5 to 5 eV (Figure 10a—d) and about 6 to 14 eV (Figure 10e-h) for Ar and
N sputter gases, respectively. This suggests incoming particles reach the substrate with a higher
average energy in lower working pressures, compared to higher working pressures. Coupled with
the average o obtained for the same working pressures, the trends are in line with the morphology of
the nanocolumns obtained from our experiments, suggesting high energy adatoms with a higher « at
lower working pressures resulting in a greater tilted morphology of the nanocolumns and vice versa.
These maps also reveal a collimation of the arriving flux at the substrate at low working pressures,
suggesting less scattering and resulting in an overall higher energy. As working pressure increases,
the incoming particles undergo more scattering and the flux loses its directionality, resulting in particles
reaching the substrate with an overall lower energy. This can be evidenced by observing the lack of
directionality in the metal flux reaching the substrate at higher pressures.
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Figure 10. Simulations showing average Ep of incoming particles when Al is sputtered using Ar (top)
and N (bottom) at 10 (a,e), 5 (b,f), 3 (c,g), and 1.5 (d,h) mTorr working pressures in GLAD configuration.
The dashed-line square in the maps represents position and (1 X 1 cm?) dimensions of the substrate
while the gradient map represents a 5 X 5 cm? area to visualize the behavior of the transport of metal
flux to and around the substrate. The maps are oriented such that the top edge of the map faces the Al
source (not shown) placed 12 cm away from the dashed-line square (substrate).

4. Discussion

4.1. GLAD Configuration

Figure 11 summarizes the column inclinations (3) and heights of AIN columnar thin films grown at
different working gas pressures in GLAD configuration with the same angle of flux incidence (& = 85°).
Growth at higher working gas pressures of 10 and 5 mTorr is primarily due to ambient flux-dominated
deposition, where the incoming particles have a shorter mean free path (A~1 cm), allowing for more
collisions in the gas phase. This can also be observed in our SiMTra simulations where, the mean
total accumulated scattering angle of the incoming particles is very high at higher working pressures
(Figure 12a). This results in particles arriving at the substrate with a lower mean average Ep (Figure 12b),
compared to that at lower working pressures. Here, the mean total accumulated scattering angle refers
to the sum of all angles that a particle undergoes after scattering multiple times. Note that Figures 9a-h
and 10a-h show gradient maps of average o and average Ep of the metal flux reaching the substrate at
different working pressures; while Figure 12a,b summarizes the mean of the average total accumulated
scattering angle and average Ep.

As a result, the arriving Al atoms have a larger angular spread and less kinetic energy to undergo
significant surface diffusion. The adatoms tend to stick at their landing sites, resulting in column
diameter expansion and eventually in coalesced columns with smaller tilt angles 3 as there is not much
shadowing involved even when using a large angle for the incident flux. The higher working pressure
is also responsible for a higher amount of deposition flux reaching the substrate for the same deposition
time. Consequently, new atoms bury the recently deposited adatoms before they have the time to
undergo any significant surface diffusion, resulting in an overall denser morphology of nanocolumns
growing almost perpendicular to the substrate. The faceted triangular column terminations were
found to orient themselves such that the corner with the largest angle faces the direction of incoming
flux corresponding to an in-plane texture (discussed in 4.2) [58], along with the fact that even when the
columns grew almost perpendicular to the substrate (3 = 5°), the c-axis remained tilted towards the
source (55°).
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Figure 11. Summary illustrating different AIN column lengths, average 3 angle (indicated on top of
columns), and c-axis tilts (red lines represent c-planes) at different working gas pressures grown using

GLAD configuration.
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Figure 12. Summary of (a) mean average total scattering angle and (b) mean average particle energy of
simulated particles reaching the substrate after being sputtered using Ar (black) and N (red) at different
working pressures in GLAD configuration. A range of total average scattering angle of the particles
was simulated at different pressures and the mean of this averaged range was used to summarize the
results in (a). Similarly, a range of average Ep was simulated at different pressures and the mean of this
averaged range was used to summarize results in (b).

In contrast, at lower pressures of 3 and 1.5 mTorr the incoming atoms arrive at the substrate surface
with higher energies owing to A being larger (~6 cm). However, the adatom mobility is still insufficient
for any significant surface diffusion at room temperature, resulting in a kinematically limited growth
dominated by ballistic shadowing. Consequently, the film has columns with smaller diameters showing
that surface diffusion does not counteract shadowing as the adatoms tend to stick to the tips of the
columns and do not diffuse towards the shadowed regions [57]. In addition, the column terminations
appear flat as a consequence of (i) the plane at fastest growth direction being extinguished by planes
having equal growth rates and (ii) coalescence due to column broadening [18,57,64] and the fact that
(iii) higher incident energies of the adatoms result in highly localized temperature spikes allowing the
surface atoms to hop to more stable lattice sites [65]. However, this hopping distance is of short-range
order (~20 A) and is not significant enough to affect the overall morphology or growth behavior of the
nanocolumns. Figure 13 illustrates the morphology of columnar AIN films at higher (Figure 13a) and
lower (Figure 13b) working gas pressures during their initial and final growth stages. The red lines
represent the c-axis tilt based on the information from the XRD pole figure measurements, while the
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insets show higher magnification SEM images of column terminations of as grown films. It can be
observed that at higher pressures, even when the columnar morphology is almost perpendicular to
the substrate surface, (0002) remains tilted towards the Al source. This is primarily because at higher
pressure there is significant scattering amongst the reactive species and the adatoms do not arrive at
the substrate from just one direction and have comparatively less energy, resulting in a slower growth
rate of (0002) as the incoming adatoms encounter a higher diffusion barrier compared to {1100} and
{1120} [66]. This in turn leads to growth of AIN nanocolumns almost perpendicular to the substrate
normal, but with inclined (0002).

Scattered incoming flux Directed incoming flux

Initial growth Initial growth Final growth

(@) (b)

Figure 13. Illustrations of initial and final stages of AIN columnar film growth (with insets showing

top-view SEM images of final column terminations and red lines representing c-axis tilt) at (a) 10 mTorr
and (b) 1.5 mTorr.

Preferred orientation has been extensively studied [67-69] and basically stems from a preferred
orientation during the nucleation stage or competitive growth and can be affected by a variety of
deposition parameters such as temperature, flux intensity, direction of incoming flux and reactive
gas composition. As a result, there is a competitive growth taking place where the highly scattered
incoming adatoms result in the growth of nanocolumns almost perpendicular to the substrate, but the
(0002) remains inclined due to the oblique placement of the source. As A is shorter, the adatoms
have lower energy and the growth rate of (0002) is much smaller than that of (1010), resulting in a
comparatively denser film with faster lateral growth at 10 mTorr. The slower growth rate of (0002) is
attributed to the fact that the bond formation energy of Al-N bonds along [0001] is higher compared
to that along [ZHO] at higher pressure [70,71]. Density functional theory (DFT) calculations made
by Jindal et al. to generate potential energy surfaces for Al and N adatoms suggest higher diffusion
barriers, in general, for the adatoms along (0002), compared to {1100} and {1120} [66], indicating a
requirement of higher energy incident flux for the formation of AIN (0002). It was also found that
multiple minimum energy positions existed for the N adatoms (hence, lower diffusion barriers) along
{1100} and {1120} compared to Al, leading to a slower growth rate of (0002).

SiMTra simulations in Figure 14 show a higher number of particles reaching the substrate at
10 mTorr and this combined with the DFT calculations presented in [66] explain an easier pathway for
growth of AIN nanocolumns almost perpendicular to the substrate compared to the inclined (0002)
growth. This effect is enhanced when the higher amount of deposition flux reaching the substrate
buries the recently deposited adatoms thereby mitigating any chances of significant surface diffusion.
This results in columns terminating with 0002 facets inclined towards the source, where the faceted
termination corresponds to an evolutionary selection process starting at the nucleation stage as the
oblique source placement creates a crystal habit for the initial nuclei [57,58]. In this case, due to
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the lower process temperature and high partial pressure of Np/Ar (Ny:Ar = 1:1), coupled with high
scattering at a high working gas pressure, the fastest growth direction is almost perpendicular to the
substrate and results in a crystal shape terminating with planes having a slower growth rate.

600
550
500
450

400 -

Avg No. of particles

350 - o

0 2 4 6 8 10
Working pressure (mTorr)

Figure 14. Summary of mean average number of simulated particles reaching the substrate after being
sputtered using Ar (black) and N (red) at different working pressures in GLAD configuration.

4.2. Variation in Biaxial Texture in GLAD Columnar Films

Analyzing the pole figures of columnar AIN films deposited at higher pressures using GLAD
(Figure 3a,b,e,f) both the poles arise from the same grain orientation corresponding to the 0002 pole,
hence suggesting a biaxial texture. However, broader contours of 0002 poles indicate a lower degree
of order in its orientation hence resulting in a lower degree of biaxial texture. In contrast, AIN pole
figures at lower pressures (Figure 3c—h) show more defined 0002 poles, indicating a higher degree
of orientation, but broader 1010 poles, indicating an azimuthally random basal plane orientation.
This variation in orientation is possibly because at higher pressures, growth of Al-N bonds along
[2110] are preferred over [0001] due to comparatively lower diffusion barrier [66] and smaller bond
formation energy requirements [11,70]. Another possibility is a higher island nucleation rate at the
side planes compared to the c-plane resulting in a higher probability of adatom capture when the
facets are facing the source [58]. At lower pressures, the higher kinetic energy condition favors growth
along [0001], resulting in randomly oriented {1010} planes along the c-axis. This in-plane orientation
can be attributed to the so called ‘capture cross section area’ of the initial nuclei [58,72], where the
nuclei with their longest edge perpendicular to the incident flux are more capable of capturing the
incoming adatoms (in Figure 15, (i) and (iv) dominate over other directions). As neighboring nuclei
coalesce to form larger nuclei and in turn tiny islands, they grow in size and cast larger shadows on
other neighboring nuclei clusters. As a result of Ostwald ripening and ballistic shadowing, growth
rates of these larger nuclei dominate over other smaller shadowed nuclei. This coincides with the 0002
pole figures as we see two grain populations with one having a much higher intensity than the other,
and this phenomenon becomes more pronounced at lower working gas pressures (Figure 3c,d) due to
stronger directionality of incoming flux. A longitudinal scratch was made along the edge of substrates
to mark the direction towards the source. This, along with observations from SEM data, confirmed
that growth was dominant along the direction of incident flux.

Also, from the plots in Figure 4a, as we move higher in the working gas pressure regime,
the FWHM in both the { and ¢ directions decreases. This indicates a stronger and more confined
out-of-plane grain alignment with lower working gas pressure owing to greater directionality, higher
adatom mobility and less scattering at lower pressures. The small variation in c-axis tilts with respect
to the substrate surface coupled with smaller angular spread and higher maximum intensity of 0002
poles (Figure 4b) at lower working gas pressures further confirms this argument. However, the overall
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lower intensity of the poles is attributed to lower deposition rates and smaller layer thicknesses related
to the asymmetric deposition configuration.

Incoming Flux

Dominant

Growth 1 <
V1
direction \ ‘

Extinguished
growth
direction

Figure 15. Illustration of dominant (i) and extinguished (ii, iii, iv, v, and vi) growth directions of AIN
columns grown using GLAD.

4.3. Evolution of AIN Crystal Plane with Working Pressure in Normal Deposition Configuration

The evolution of AIN crystal planes with working pressure in normal deposition configuration,
« = 0°, is depicted in Figures 5 and 6. We see (1011) dominated growth at the higher pressures which
transforms to (0002) dominated growth at lower pressures, while the columnar AIN films grow parallel
to the substrate normal (not shown here). This change in preferred orientation has been widely studied
(e.g., Igbal et al. provide an extensive list of sources in their review [73]) and can be explained in terms
of (i) Ep of the incoming flux and (ii) amount of N in the partial pressure atmosphere. From SiMTra
simulations in Figure 12, average Ep of the incoming particles is lower at higher working pressures,
due to the significantly higher amount of scattering. This lower Ep in turn results in preferential
growth along 1011 plane normal due to lower diffusion barrier and lower bond formation energy
requirements compared to 0001 direction as discussed in Section 4.1. In addition to that, the amount of
reactive gas in the partial pressure environment can affect preferential growth. This can be tailored by
varying the N flow rate [11,74-78]. A higher total working pressure (and hence increased amount
of Ny, while keeping the same partial pressure ratio of Np:Ar = 1:1) results in an overall decrease in
the kinetic energy of adatoms as a consequence of the lighter atomic mass of nitrogen particles (N,
N, and N) being dominant near the target surface and not being able to transfer their energy to the
target atoms sufficiently [11]. As a result, Al adatoms do not have enough kinetic energy to rearrange
themselves along (0002). Atlower total working pressure (and hence lower amount of Nj), Ar ions
are in excess and with its higher atomic mass it leads to higher kinetic energy adatoms resulting in
c-axis dominated growth [11]. This can be corroborated from the XRD 26 measurements in Figure 6,
which shows the (1011) preferential orientation of AIN nanocolumns at 10 mTorr working pressure
and (0002) preferential orientation of AIN nanocolumns at 1.5 mTorr working pressure. Coupled to
this, the difference in total working pressure results in a variation in A, thereby increasing the average
number of particles reaching the substrate with significantly lower energy compared to those arriving
at a lower working pressure (Figures 14 and 12b) along with differences in diffusion barrier energies of
different wurtzite crystal planes [66] lead to (1011) dominated growth at higher pressures and (0002)
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dominated growth at lower pressures. Contrary to most reports of (1010) preferred growth of AIN thin
films at higher pressures (where different Np/Ar ratios were used), our depositions were performed at
a unity Np/Ar ratio of 1:1. This, coupled with the other experimental conditions used in our study are
responsible for the AIN (1011) preferential orientation at higher working gas pressures.

5. Conclusions

Columnar AIN thin films were grown on Si (111) using DC reactive magnetron sputtering in GLAD
and normal deposition configurations at different working pressures in the range of 1.5 to 10 mTorr.
A mixture of Ar and N in 1:1 ratio was used as the working gas and reactive gas, respectively, and the
growth mechanism of columnar AIN thin films grown using the two configurations was studied at
different pressures. The growth behavior of AIN nanocolumns is found to be highly dependent on
working pressure and the direction of incoming flux.

In GLAD configuration, the growth direction of nanocolumns varies from 2° to 38° w.r.t substrate
normal with decreasing working pressure from 10 to 1.5 mTorr, while the c-axis orientation of the
nanocolumns is almost the same, revealing an inclination towards the source by an angle ~55°.
In addition, higher working gas pressures resulted in growing longer column lengths and higher
density thanks to increased coalescence. A biaxial texture evolution was also observed at higher
pressures where oblique placement of the source created a preferential orientation of the crystal habit,
resulting in a higher degree of basal plane alignment. In normal deposition configuration, varying
working gas pressures did not affect the nanocolumn growth direction. However, increasing the
working pressure from 3 to 5 mTorr leads to the c-axis tilt abruptly changing from 0° to around 60° due
to increased scattering and lower energy incoming flux. This resulted in preferential growth along the
direction with lower energy requirements.

The evolution of nanocolumn morphology and crystal orientation varied by working pressure
and direction of flux is well elucidated by the model of kinetic energy dominated growth process.
Results from SiMTra simulations corroborate our GLAD observations where the average « and average
Ep decreased with increasing working pressures, thereby resulting in lower 3 as the working pressure
was increased. Our results show that lower working pressures are crucial for guiding high energy
incident flux and establish a basis for further growth and characterization of twisted and helicoidal
binary and ternary nanostructures.
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