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Available online: 30 December 2025  compared in this work. X-ray diffraction (XRD), surface profilometry,
and field emission scanning electron microscopy (FESEM) were used to
assess the homogeneity of the film. XRD analysis confirmed (100)
orientation at ~33.5° (20) for both wafers belong to hexagonal wurtzite
Aluminium nitride (AIN), crystalline  structure of AIN. The 2-inch wafer exhibited consistent peak intensity
quality, silicon wafer, RF magnetron  across all eight positions, while the 4-inch wafer showed weaker
sputtering, thin film deposition intensity at the edges, indicating reduced crystalline quality. Thickness
measurements showed that the AIN on 2-inch wafer had a range of
133.38-168.45 nm with an average of 154.28 nm, standard deviation of
10.98 nm, and a coefficient of variation (CV) of 7.12%. In comparison,
the 4-inch wafer showed a broader thickness range of 134.00-188.28
nm, with an average of 168.68 nm, standard deviation of 13.74 nm, and
CV of 8.15%. FESEM images revealed uniform, compact grains across
the 2-inch wafer and small grains and less compact morphology near
the edges of the 4-inch wafer. The reduced uniformity in the 4-inch
wafer is attributed to lower adatom mobility at the edges, due to
decreased plasma density and mismatch between wafer and 3-inch
target size. Overall, the 2-inch wafer demonstrated excellent film
uniformity.

Keywords

1. Introduction

Aluminium nitride, (AIN) a material belonging to the class of wide-bandgap semiconductors, has been
characterized by high thermal conductivity, a significant dielectric constant, mechanical stability, and
ultraviolet transparency, and, therefore, can be applied for increasing the efficiency of electronics,
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optoelectronics, and sensor devices [1]-[4]. There are several ways of fabricating AIN thin films, including
molecular beam epitaxy (MBE) [5], chemical vapour deposition (CVD) [6], and physical vapour deposition
(PVD) techniques such magnetron sputtering [7][8].

AN thin films generally exhibit a hexagonal wurtzite structure with preferred c-axis orientation, regardless
of substrate, but the degree of crystallinity and grain size varies [9]-[11]. In some way, the substrate aids in the
development of high crystalline structure of AIN deposition using magnetron sputtering. According to earlier
research, Silicon, (Si) has been used as a substrate on a large scale. Although several studies have found c-sapphire
to be good [12]-[14], Si substrates are the greatest option in the semiconductor industry due to their cost and
versatility[15]. Films on sapphire often show larger grain size and roughness, while those on Si substrate can have
higher refractive indices and smoother surfaces [11][16]. A significant issue in employing AIN thin films on Si
substrates is attaining uniform, high-quality deposition over extensive wafers. This challenge mostly stems from
lattice mismatch, resulting in strain and flaws inside the films [17]-[19]. Critical concerns are the regulation of
thickness uniformity, crystal orientation, and defect density, all of which exhibit significant sensitivity to
deposition parameters and substrate characteristics

AIN films deposited on Si (111) wafers have been shown to exhibit excellent crystallinity and improved
uniformity, contributing to enhanced device reliability and reduced production costs [20][21]. However, even if
deposition processes have improved, keeping film characteristics consistent, especially over larger wafer surfaces,
is still a big problem. Changes in the size of the substrate can affect the consistency and quality of AIN films because
of uneven plasma-induced substrate heating, uneven precursor distribution, or stress relaxation mechanisms. The
difference in lattice structure between AIN and Si makes this problem much worse, which could lower the films'
structural, morphological, and electrical performance [22][23]. To address these challenges, this study compares
AIN deposited on 2-inch and 4-inch Si wafers. The properties such as crystal structure, surface morphology, and
film thickness were studied. The aim is to determine how substrate size influences the uniformity and overall
quality of AIN thin films, thereby guiding future optimization for scalable device fabrication.

2. Methodology

2.1 Substrate Preparation

Si wafers with a crystal orientation of (111) with two different sizes of wafers, i.e. diameter of 2-inch and 4-inch
were used as substrates. Si is chosen due to its long-established role in semiconductor manufacturing [24]. They
provide a solid and stable foundation for the construction of thin material layers. Because of the atomic
arrangement that smoothest the surface for further process stages, the (111) orientation is recommended [15]. A
wafer n-type Si with (111) orientation with one side polished served as the foundation for this study. A 1:5 ratio
solution of hydrofluoric acid (HF) and deionised water (DI) is used to clean and treat Si before the deposition
process. The cleaning process is to remove the unwanted elements such as the native oxide layer that may affect
the formation of epitaxial layer of AIN on the Si substrate.

2.2 Area Arrangement on Si Wafers for Uniformity Analysis

We arrange Si wafers into multiple smaller sections for our assessment of their surface uniformity. For 4-inch
wafers we created 16 sections and for 2-inch wafers we created 8 sections as shown in Fig. 1. Through surface
analysis approach, we evaluated different sections to verify consistent physical properties and uniformity.
Reliable performance in semiconductor applications requires uniform materials because performance depends
on both surface shape and crystal structure and doping concentrations [25]. The investigation of different sections
allows us to detect variations which leads to a better comprehension of material distribution. This detailed
analysis ensures which sections had good distribution in uniformity.
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Fig. 1 Sections point on Si wafer; (a) 2-inch Si wafer for 8 sections; and (b) 4-inch Si wafer for 16 sections
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2.3 Deposition of AIN Thin Film

AIN thin films were deposited using an RF magnetron sputtering system (SNTEK Korea). The process began with
placing cleaned Si wafers into a sputtering chamber, which was then evacuated to a high vacuum of 7 x 107 Torr.
A 3-inch-diameter, 1/8-inch-thick (99.998%) Aluminium, (Al) target procured from ITASCO, Korea was
positioned at a 45-degree oblique angle for deposition at distance of 5-inch from substrate. The chamber is
equipped with a dual-gun configuration for co-sputtering applications; however, only a single target gun was used
in this study, resulting in the 45-degree oblique target orientation. For deposition, argon (Ar) and nitrogen (N,)
gases were introduced to create plasma, enabling Al atoms to sputter from the target and reacted with N2 to form
AlN films on the substrate. The sputtering pressure was set at 3 mTorr, while the Ar/N, gas mixture was fixed
75:50 sccm. The RF power was fixed at 300W, substrate rotation speed fixed at 10 rpm, deposition time 1 hour,
for both 2-inch and 4-inch Si wafer. The deposition was carried out without any external heat supplied to the
substrate. Please note that these sputtering parameters have been explained elsewhere, as they were selected to
achieve the optimal conditions for producing (100) preferred orientation of AIN thin films on Si wafers at room
temperature with this sputtering chamber setup [26]. Fig. 2 shows the schematic diagram of sputtering system
was used in this study.

3-inch Al

target \

RF POWER
(13.56 MHz)

Fig.2 Schematic diagram of RF magnetron sputtering system for 2-inch and 4-inch AIN thin film deposition

2.4 Characterisations of AIN Thin Film

Several analytical instruments were employed to characterize the properties of the AIN thin films. These include
a Panalytical X-ray diffractometer (XRD) for crystal structure analysis, a Bruker surface profiler for thickness
measurements, and a JEOL JSM-7600F Field Emission Scanning Electron Microscope (FESEM) for surface
morphology examination. X-ray diffraction was performed using a CuKa anode source with a wavelength of
1.5406 A. The 26 range was set from 20° to 80° with a step size of 0.03°. The generator operated at 40 kV and 40
mA, and a %4° divergence slit was used. To evaluate the uniformity of the AIN films across both 2-inch and 4-inch
wafers, the arithmetic Coefficient of Variation (CV) was calculated.

3. Results and Discussion

3.1 Crystal Structure of AIN Thin Film

Fig. 3 presents the X-ray diffraction (XRD) patterns of AIN thin films measured at multiple positions across both
2-inch and 4-inch silicon (Si) wafers. The dominant diffraction peak observed at approximately 33.5° (28)
corresponds to the (100) plane of the hexagonal wurtzite AIN structure, confirming the preferential orientation
of the deposited films. For the 2-inch wafer, XRD measurements were taken at eight different locations, all of which
consistently exhibited the (100) peak with some variation in peak intensity and position. Similarly, for the 4-inch
wafer, sixteen measurement points across the wafer also showed consistent (100) peak characteristics.
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Fig.3 XRD patterns of AIN at different sections on (a) 2-inch Si wafer; and (b) 4-inch Si wafer

The uniform appearance of the (100) peak with relatively consistent intensity and position across all
measured spots suggests excellent crystalline alignment and uniformity of the AIN thin film as shown in magnified
XRD pattern of AIN across 2-inch Si wafer in Fig. 4. This implies that the deposition process maintained good
control over crystal orientation and film structure, regardless of the position on the wafer surface. Moreover, the
sharpness and intensity of the peaks indicate that the films possess high crystallinity with minimal structural
defects. The absence of other major peaks implies a strong preferential orientation with minimal presence of other
crystalline planes, further supporting the conclusion that the film is either monocrystalline or highly textured
along the (100) direction.
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Fig. 4 Magnified XRD pattern of AIN on 2-inch Si wafer at section 1 to 8

The magnified XRD pattern of the AIN across the 4-inch Si wafer (Fig. 5) shows the regular (100) peak at all
16 sections. However, its intensity exhibits significant variation among them. The inset image illustrates how the
yellow-marked spots, especially those along the wafer's borders (positions 1, 4, 5, 9, 13, and 16), have lower peak
intensities of (100) plane than those in the centre. On the other hand, sections in the centre of the wafer show
stronger and sharper (100) peak, which means that crystalline quality and homogeneity are better in the central
areas. This spatial variation in XRD intensity is likely attributed to non-uniform temperature distribution,
precursor flow, or stress relaxation effects during the deposition process, which are more prominent over larger
substrates. The results indicate that while AIN growth maintains the (100) orientation across the entire 4-inch
wafer, the crystallinity and texture are less uniform near the edges.
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Fig. 5 Magnified XRD pattern of AIN on 4-inch Si wafer at section 1 to 16

Variations in plasma density, especially near the periphery of the deposition chamber, can lead to inconsistent
energy and material delivery during film growth. Additionally, shadowing effects, where the edge of the substrate
receives less uniform deposition due to geometry and angular distribution of the sputtered species can further
impact film thickness and quality. Moreover, the target-to-substrate distance plays a critical role as for larger
wafers, regions farther from the centreline of the sputtering source may receive reduced or angled flux, resulting
in a non-uniform coating. These observations are consistent with previous reports on thin film deposition using
physical vapor deposition (PVD) techniques [27][28]. The variation between the substrate size (4-inch) and the
sputtering target diameter (3-inch Al target) could increase the uneven distribution of sputtered atoms, hence
influencing film formation at the outermost edges.

3.2 AIN Thin Film Thickness Distribution

The XRD measurement reveals variations in crystal orientation intensity, especially at the edges of the 4-inch
wafer, necessitating further assessment of thickness uniformity and surface morphology. In order to determine
whether comparable non-uniform patterns are seen throughout the wafer surface and to aid in the comprehension
of potential deposition-related reasons, a thorough examination of the thickness distribution is provided. Tape
masking was used to create a step edge on the thin film, which is essential for thickness measurement using the
surface profilometer method [29]. Fig. 6 shows the actual as-deposited AIN thin films on both wafers, along with
schematic drawings of the tape masking applied to the 2-inch and 4-inch Si wafers prior to deposition for thickness
analysis.
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Fig. 6 AIN thin film on Si wafer with masking tape arrangement a) 2-inch Si wafer, and (b) 4-inch Si wafer

The thickness distribution of AIN thin films deposited on 2-inch and 4-inch Si wafers was assessed to
determine the dimensional homogeneity of the coatings, as depicted in Fig. 7. Thickness uniformity is a crucial
factor in thin film production, as it directly affects device performance, especially in optoelectronic and MEMS
applications where constant dielectric or piezoelectric responses are vital. The film thickness on the 2-inch Si
wafer varied from 133.38 nm to 168.45 nm across eight measured sites, yielding an average thickness of 154.28
nm and a standard deviation (o) of 10.98 nm. The findings indicate a Coefficient of Variation (CV) of 7.12%. The
CV was calculated using the following equation:

Coefficient of Variation (CV)=(o/p) x100% (D)

Where o is the standard deviation of the thickness measurements and p is the mean (average) thickness. This
relatively low CV indicates that the film is dimensionally homogeneous, with minimal thickness fluctuation across
the entire wafer surface. On the other hand, the 4-inch Si wafer demonstrated a wider thickness distribution,
spanning from 134.00 nm to 188.28 nm, with a mean thickness of 168.68 nm and a standard deviation of 13.74
nm, resulting in a coefficient of variation of 8.15%. The increased variation relative to the 2-inch wafer suggests a
little less uniform thickness, particularly in the outside edges of the wafer, although it still below the 10%
threshold. The trend lines in Fig. 7(a) and Fig. 7(b) reinforces these findings. The 2-inch wafer plot shows a
relatively flat profile, with only minor fluctuations across all eight sections.
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Fig. 7 AIN thickness distribution (a) 2-inch Si wafer; (b) 4-inch Si wafer

In contrast, the 4-inch wafer plot displays more pronounced variation, especially at sections located near the
outer regions of the wafer. However, it is noteworthy that in the central region of the 4-inch wafer, the thickness
values remain relatively consistent, closely resembling the uniform profile of the 2-inch wafer. This suggests that
the deposition process provides good material distribution near the centre of the substrate, regardless of size. The
increased deviation observed in the 4-inch wafer is primarily associated with the peripheral areas, where reduced
material flux, angular distribution effects, and plasma density gradients become more significant.

These findings correlate with the XRD results, where weaker crystalline orientation was observed at the wafer
edges, supporting the hypothesis that non-uniform material distribution occurred during deposition. The
increased deviation in the 4-inch wafer is likely due to limitations in target size, angular flux distribution, and edge
shadowing effects, which become more prominent over larger substrates. These factors can lead to non-uniform
deposition rates, thereby affecting both the thickness and crystalline structure of the films.

3.3 Morphological of AIN Thin Film

Fig. 8 shows FESEM images of AIN thin films deposited on a 2-inch Si wafer at four positions: section 3 (top-
central), section 6 (centre), section 7 (bottom-central), and section 8 (right-central). The corresponding spatial
locations are mapped on the wafer in Fig. 8(e). These images were captured to assess the surface morphology
uniformity of the AIN thin film across the wafer. The FESEM images reveal uniform surface features at all four
locations, with consistently fine-grained and densely packed structures. No significant morphological differences
are observed between the central and peripheral regions, indicating that the deposition process achieved stable
and homogeneous film growth across the entire 2-inch wafer. The film appears smooth and well-covered, with no
noticeable signs of agglomeration, surface cracking, or uneven grain formation.

(b)
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Fig. 8 FESEM mages of the surface morphology of AIN thin films deposited on a 2-inch Si wafer at four different
sections: (a) section 3; (b) section 6; (c) section 7; and (d) section 8. The corresponding spatial locations are
mapped on the wafer in (e)
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Fig. 9 FESEM mages of the surface morphology of AIN thin films deposited on a 4-inch Si wafer at four different
sections: (a) section 2; (b) section 6; (c) section 12; and (d) section 14. The corresponding spatial locations are
mapped on the wafer in (e)

This high degree of surface uniformity is in excellent agreement with the XRD results, which showed
consistent (100) peak intensities across all positions, and with the thickness measurements that recorded a low
coefficient of variation (CV) of 7.12%. The uniformity in surface morphology confirms that the smaller wafer size
allowed for more consistent plasma exposure, even material distribution, and minimized edge effects during
sputtering. For the AIN thin film across 4-inch SI wafer, Fig. 9 presents FESEM images of AIN thin films deposited
at four distinct positions: section 2 (top-central), section 6 (centre), section 12 (mid-right), and section 14 (lower-
central). The corresponding spatial locations are mapped in Fig. 11(e). At the centre of the wafer (section 6), the
surface exhibits a dense and uniform grain structure, suggesting well-ordered film growth with consistent
nucleation across the region. This morphology correlates well with previous XRD and thickness results, which also
demonstrated high crystallinity and low variation in the central area. Moving outward to intermediate regions
such as positions 2, 12, and 14, the surface remains relatively homogeneous but with small and less compact grain
structures compared to the centre. This may indicate mild variations in deposition conditions due to reduced
material flux or localized changes in plasma density as the distance from the target increases. The combined
results from XRD, thickness, and FESEM analyses clearly demonstrate that the 2-inch wafer offers superior
uniformity in terms of crystal orientation, film thickness, and surface morphology. In contrast, the 4-inch wafer,
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although maintaining acceptable quality, experiences slight degradation in uniformity at the wafer edges due to
scale-up challenges.

3.4 Factors Influencing AIN Thin Film Uniformity

In this study, a 3-inch Al target was used for sputtering on both 2-inch and 4-inch wafers. While this setup is
sufficient for full coverage and uniform distribution on the 2-inch wafer, it presents limitations when scaled up to
a 4-inch substrate. The sputtered flux from a smaller target tends to be concentrated near the centre of the wafer,
with reduced deposition rates and angular incidence at the outer regions. Larger targets generally improve
thickness uniformity across the substrate, especially as the target-substrate distance increases. Larger targets
generally provide better uniformity, as the wider erosion area helps reduce particle overlap at the substrate
centre, resulting in a more even film distribution [30][31]. This mismatch in coverage directly contributes to the
variation in both thickness and crystalline orientation seen in the 4-inch wafer. Another contributing factor is the
plasma density distribution within the sputtering chamber. In planar magnetron sputtering systems, the plasma
density is typically highest directly above the target centre, decreasing toward the edges. As wafer size increases,
more of the substrate surface lies in these lower-density regions, affecting energy delivery, adatom mobility, and
film growth kinetics [31]-[33].

As shown in Fig. 10, the central regions of both wafer sizes, where plasma density is relatively high and
sputtered atom flux is most concentrated, adatoms receive sufficient energy to migrate and reorganize into well-
ordered crystalline domains. This leads to smooth surface morphology, strong (100) XRD peaks, and uniform film
thickness. However, in the outer regions of the 4-inch wafer, where plasma density and ion energy decrease,
adatom mobility becomes limited. As a result, adatoms are more likely to stick at their landing sites without
sufficient diffusion, leading to defective grain growth, increased roughness, and inconsistent thickness.

3-inch Al
target

\ |

N High adatoms mobility
// < » \ in high density plasma
2”

Wafer edge | > Wafer edge

4"

Fig. 10 Schematic representation of plasma species distribution and adatom mobility during AIN thin film
deposition using a 3-inch Al target at a 45° oblique angle

4. Conclusion

This study compared the uniformity of AIN thin films deposited on 2-inch and 4-inch Si (111) wafers using RF
magnetron sputtering with substrate rotation. The 2-inch wafer showed excellent uniformity in crystal
orientation, thickness, and surface morphology. In contrast, the 4-inch wafer exhibited slight non-uniformities,
especially at the edges, including reduced crystalline quality and increased thickness variation. These differences
are mainly attributed to lower plasma density and reduced adatom mobility at the wafer periphery, as well as the
mismatch between the 4-inch wafer and the 3-inch sputtering target. Although substrate rotation helped improve
overall uniformity, it was not sufficient to fully compensate for the limited coverage and energy flux at the edges.
While both CV values slightly exceed the ideal threshold of 5% typically required for active AIN layers, the films
remain within acceptable limits for use as buffer layers, which are generally more tolerant to thickness variation.
The uniform central region and overall crystalline orientation make the films promising for such applications.
Under the current deposition arrangement, the 2-inch wafer showed more consistent film quality overall.
Additional improvements, including employing a larger target or improving plasma distribution, might be
necessary to increase uniformity on larger wafers.
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