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ABSTRACT

This study investigated Mg doping on ZnSnNj, thin films via the magnetron co-sputtering technique under a high-
purity nitrogen background at room temperature. Room-temperature deposition allowed assessment of intrinsic
microstructural evolution without thermally driven diffusion, highlighting Mg-induced formation of MgsN= and
Si-N-rich interfacial layers. The discharge power of the magnetron sputtering containing Mg target had the
values 0, 120, 140, 160, 180, 200, 220, and 240 W, making eight thin films. In contrast, other growth conditions,
such as the Ny flow rate, discharge currents on the Zn and Sn targets, substrate temperature, and deposition time,
were kept constant for all eight films; only the Mg power was varied. The microstructure and morphology,
metallic bulk chemical composition ratios, and optical behavior of the deposited ZnSnNs thin films were
examined by TEM, SEM, XRD, XPS, and Reflectance analysis, where the film properties indicate the formation of
MgsNs. Although Mg atoms did not seem to substitute in the lattice sites of ZnSnNj, there is an indication of
possible lattice-interstitial insertions, because of the noticeable changes in their sizes. As confirmed by XRD and
cross-section TEM studies, adding Mg has affected grain sizes and resulted in the formation of a Si-N-rich layer at
the film-substrate interface. These results provide insight into the role of Mg in defect and interface engineering
of ZnSnNz, offering new directions for display and optoelectronic applications.

1. Introduction

wurtzite-derived orthorhombic lattice and direct, tunable bandgap. It
has recently attracted attention as an earth-abundant, non-toxic alter-

Ternary III-N alloys, such as the well-studied InGaN, are used in LED
applications due to their promising optoelectronic properties. On the
other hand, (Zn, Mg)-IV-Nj alloys are also interesting materials due to
their bandgap energies falling within the visible spectrum range, making
them potential candidates for display technologies and LEDs. These
advantages, therefore, make Zn-IV-Ny and/or Mg-IV-N; promising al-
loys when combined with InGaN [1,2].

Among the Zn-IV-N; alloys of III-N materials, ZnSnN> is the most
widely studied compound with various applications in optoelectronics
[3,4]. ZnSnN> has a low optical bandgap (1-2 eV) compared to other
Zn-IV-N5 families such as ZnGeN,; and ZnSiN; [5-8]. ZnSnN: is a
II-IV-N: semiconductor that shares structural and electronic similarities
with the III-V nitrides such as GaN and InGaN, owing to its

native for optoelectronic and photovoltaic applications. Various dop-
ants, including Al, Ga, and In, have been explored to tailor carrier
concentration and bandgap; however, reports on Mg incorporation
remain quite limited. Mg, as a group-II element, is of particular interest
for introducing such an element and modifying electronic structure and
energy levels. In this study, we investigate the effect of Mg co-sputtering
power on ZnSnN: thin films grown at room temperature, providing new
insights into Mg incorporation behavior, grain-structure evolution, and
interfacial nitride formation.

The first theoretical study on ZnSnNj, thin films was reported in 2008
by Paudel et al. [3], while Feldberg et al. reported the synthesis of
ZnSnNjy in 2012 [9]. Although ZnSnNj; crystallizes into either ortho-
rhombic or wurtzite structure, other structures, such as hexagonal or

* Corresponding author at: Department of Physics and Astronomy, College of Science, King Saud University, Riyadh 11451, Saudi Arabia,

E-mail address: aalodhayb@ksu.edu.sa (A.N. Alodhayb).

https://doi.org/10.1016/j.mtcomm.2026.114671

Received 22 September 2025; Received in revised form 7 January 2026; Accepted 12 January 2026

Available online 13 January 2026

2352-4928/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:aalodhayb@ksu.edu.sa
www.sciencedirect.com/science/journal/23524928
https://www.elsevier.com/locate/mtcomm
https://doi.org/10.1016/j.mtcomm.2026.114671
https://doi.org/10.1016/j.mtcomm.2026.114671
http://creativecommons.org/licenses/by/4.0/

A. Almushawwah et al.

monoclinic, were also reported [10-13].

Although the structure and lattice parameters of sputtered ZnSnNy
film are difficult to determine via X-ray diffraction (XRD) due to the
preferred orientation of the film, ZnSnNy ternary thin films can be
deposited in pure nitrogen via magnetron sputtering. For instance, Deng
et al. reported the deposition of ZnSnN2 thin films by DC magnetron
sputtering [14], while Alnjiman et al. reported the growth of ZnSnN2
thin films under a working pressure of 1 Pa [1]. Moreover, ZnSnN can
be grown using separate metallic targets of zinc, tin, and magnesium,
while others grow ZnSnNj thin films using a single target containing
zinc-tin alloy. However, the separate-target approach has enabled better
control of the film stoichiometry in the ternary structure [1,14,15].

On the other hand, another material in the II-IV-N5 family, MgSnNy,
has been studied since 2016, as both Zn and Mg have two electrons in the
outer shell belonging to the IIB and IIA groups, respectively, in the pe-
riodic table. The structure, lattice constants, and bandgap of MgSnN:
were theoretically studied using DFT, QSGW, and the full-potential
muffin-tin orbital method [16,17]. Kawamura et al. reported the suc-
cessful synthesis of MgSnN, thin films via a metathesis reaction under
high pressure, in which the resulting MgSnN2 had a rocksalt structure
with a bandgap of Eg = 2.3 eV [18]. Alnjiman et al. grew wurtzite-like
MgSnN, thin films via reactive magnetron co-sputtering with a
tunable optical bandgap ranging from 2.28 to 2.43 eV [19]. Generally,
disordered MgSnN, wurtzite structures exhibit a bandgap of 2.3-2.7 eV
[20,21]. Yamada et al. explored the growth of Mg;,Sn; N> alloys by
depositing thin films on (001) GaN/c-Al-Os substrates using reactive
magnetron co-sputtering with Mg and Sn targets in a 1:4 Ar/N: gas
mixture at 400 °C under a pressure of 1.0 Pa. The films formed wurtzite
crystals and exhibited an intrinsic bandgap of approximately 2.3 eV
[21]. Later, in 2021, the same group reported the deposition of
MgxZn; _SnNj alloys on similar substrates, this time using Mg, ,Sn, , and
Zn,Sn,, targets in a pure nitrogen environment [2]. These alloys,
combining MgSnN: and ZnSnN: in a wurtzite-type structure, were
identified as promising earth-abundant semiconductors with tunable
band gaps ranging from 1.5 to 2.3 eV, depending on composition. By
adjusting the deposition temperature to 300 °C and 400 °C, Zn-rich and
Sn-rich films were selectively produced. The tunable bandgap behavior
of MgxZn:-xSnN2, varying with composition (x from 0 to 1), further
highlights its potential for optoelectronic applications [2].

As previously stated, ZnSnN5 has a bandgap range from 1 to 2 eV
[5-71, while MgSnN; with a disordered wurtzite structure has a bandgap
of 2.3-2.7 eV [20,21]. Therefore, Mg,Zn; _,SnNj thin films are expected
to exhibit tunable wide bandgap ranging from 1 to 2.7 eV. Moreover,
since the two systems have similar lattice structures, Mg,Znj_,SnNy
ternary films are expected to be miscible, or homogeneous, across the
entire x range for given growth temperatures.

As semiconductors with a direct bandgap between 1.8 and 2.5 eV are
excellent candidates for LEDs and top cells in high-efficiency tandem
solar cells, Mg,Zn; ,SnNj is, therefore, expected to be a good candidate
as an alternative material to In,Ga;_,N, especially for high-indium al-
loys [2]. Despite the promising prospects of MgyZn; _SnNy, the number
of studies to date remains limited, underscoring the need for further
investigations to clarify their optoelectronic properties.

Therefore, in this study, we investigated the growth of ZnSnNpy,
MgSnNj, and Mg-ZnSnN, thin films on Si substrates via magnetron
sputtering at room temperature, with magnetron powers up to 200 W, to
contribute to the understanding of the properties of MgZnSnN2 for
display and LED applications.

2. Materials and methods

The MgZnSnNj thin films were deposited on intrinsic Si(001) sub-
strates via reactive magnetron co-sputtering using high-purity 99.9 %
Zn, Mg, and Sn metal targets in a pure 5 N nitrogen atmosphere. The
diameter of the target was 50.8 mm, and the distance between the tar-
gets and the substrate holder was fixed at 90 mm. The substrate holder
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was a rotating Inconel-Molybdenum block with N5 gas (99.999 % pu-
rity) flowing to provide reactive nitrogen species for the synthesis of
MgZnSnNj films under Ny plasma.

By controlling the power of a reactive magnetron radio frequency
(RF) sputtering gun containing an Mg target, different amounts of
magnesium ions were introduced into the Ny plasma while simulta-
neously growing the ZnSnNj thin films. The effect of the sputtering gun's
power on the physical and chemical properties of the deposited thin
films is then investigated.

The powers used to sputter the Mg target (Pfg) were 0, 120, 140,
160, 180, 200, 220, and 240 W; corresponding to the samples named
MMEFC= 0 at%, MMFC= 8.7 at%, MMFC= 12.5 at%, MMFC= 17.2 at%,
MMEFC=19.7 at%, MMFC=24.7 at%, MMFC=27.1 at%, and
MMFC= 28.9 at%, respectively. Other sputtering deposition parameters
were fixed. N5 flow rate was fixed at 30 sccm, Zn current (CIZ)%) at 0.1 A,
and Sn current (cg'g) at 0.25 A. Furthermore, the working pressure was
fixed at 1 Pa, and the deposition time for each sample was 10 min. The
deposition of the reference ZnSnNj; film was performed as described in
the literature [1], where the working pressure of 1 Pa in nitrogen (N5)
atmosphere was expected to be crucial in producing highly crystalline
thin films with stoichiometry close to the ideal stoichiometric ratio
(1:1:2) [1].

The structural, elemental, and optical properties of the resulting
MgZnSnN2 films were characterized by 6-20 XRD measurements using
the Bruker D8 Advance Diffractometer with a Cu anode (Acy Ko1 =
1.5406 A). At the same time, the morphology was imaged via JEOL JSM-
7600F Field-Emission Scanning Electron Microscopy (SEM), equipped
with Energy Dispersive X-ray Spectroscopy (EDX), and operated at 5 kV
in SEI (secondary electron imaging) mode, and Transmission Electron
Microscopy (TEM) using the JEOL ARM 200 F Cold-FEG TEM/STEM
operating at 200 kV. The TEM is equipped with a spherical aberration
(Cs) probe corrector, providing a point resolution of 0.12 nm in the TEM
mode and 0.078 nm in the STEM mode. The reflectance measurements
were executed using a computer-aided double-beam spectrophotometer
(Cary 5000 from Varian) with a VW-shaped absolute specular reflec-
tance accessory (SRA). All samples were measured at an incidence angle
of 5.0 & 0.1° to avoid fringe shifts caused by angular discrepancies. The
chemical bonding states and surface compositions of the MZSN thin
films were investigated via X-ray Photoelectron Spectroscopy (XPS,
JEOL 9030) with Al/Mg Ka X-ray sources operated at 300 W (12 kV and
25 mA), 100-ms dwell time, and 0.1 eV step energy, and 10 eV pass
energy, was employed to determine the surface chemical nature of the
films. All data were calibrated and corrected by Au 4 f;,, at 83.3 eV and
C 1 s at 284.2 eV with a correction of ~0.5 eV. The high-resolution XPS
spectra of N 1's, Zn 2p, Sn 3d, and Mg 2 s were analyzed. Although all
thin films were characterized, the results of only three are shown for
conciseness.

3. Results and discussion

The magnesium (Mg) content for each sample was measured by
energy-dispersive X-ray spectroscopy (EDX) and reported as the Mg
Metallic Fraction Concentration (MMFC). Fig. 1 shows how the
composition of MgZnSnN: films changes with different levels of Mg
sputtering power. The EDX spectra of Fig. (a-h) clearly reveal that the
intensity of the Mg peak increases with higher Mg target power, while
the peaks for zinc (Zn) and tin (Sn) remain essentially unchanged. This
indicates that Mg is being successfully incorporated into the films
without significantly impacting the Zn and Sn signals.

Fig. 1(i) presents the corresponding quantitative elemental analysis.
The Mg concentration increases consistently as sputtering power in-
creases. At the same time, the concentrations of Zn and Sn show a slight
decline, suggesting that Mg may be substituting for Zn and/or Sn within
the cation sublattice. The insert in Fig. 1(j) on the right side further
supports this interpretation. It shows that the Zn:Sn atomic ratio remains
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Fig. 1. (a-h): EDX spectra of MgZnSnN: films grown under Mg-target RF powers of (a) 0, (b) 120, (c) 140, (d) 160, (e) 180, (f) 200, (g) 220, and (h) 240 W, showing
progressive enhancement of Mg peaks with increasing power; (i) Quantitative Mg, Zn, and Sn concentrations plotted as a function of Mg sputtering power; (j)
associated with the right-side plot: Zn/Sn atomic ratio versus Mg-target power, demonstrating stable Zn-Sn stoichiometry despite varying Mg incorporation.
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nearly constant across all Mg power levels, maintaining a consistent 1:1
ratio. This stability implies that the base ZnSnN: stoichiometry is pre-
served during Mg incorporation, likely through substitution rather than
disruption of the Zn-Sn framework. Further structural studies are
required to elucidate the precise mechanism of Mg incorporation.

Fig. 2 shows the XRD patterns of the deposited ZnSnN> thin films.
The grown films exhibit a polycrystalline nature with grains oriented in
different directions. The XRD patterns show five distinguishable peaks.
The Si 002 peak, denoted by (*), corresponds to the Si substrate. The
peaks at around 34  (MgsN, 321, denoted by a dot) appear only in films
with Mg content and are attributed to MgsNy grains with small crys-
tallites [22]. These peaks are more apparent in films with MMFC more
than 10 %. The other peaks denoted by (002), (122), and (123) are
attributed to ZnSnNy. A slight increase in XRD at a slightly higher angle
near the Mg3N» (321) peak is attributed to the presence of pure Mg (002)
reflection. Although the peak is too weak, it suggests the possible
coexistence of unreacted Mg minute clusters within the film.

Single-phase MgyxZn; _4SnNy thin films are theoretically expected to
have XRD peaks with 26 positions between those of ZnSnN; and
MgSnN,. However, the main characteristic peaks observed in our
experimental data closely match those previously reported for ZnSnNy
[14,23,24]. This indicates that the ZnSnN, phases observed in this study
correspond to either the orthorhombic [8,14,23] or the wurtzite [24]
structure. Notably, our XRD results do not show any significant shifts
with increasing Mg concentration, as would be expected if Mg were
being incorporated into the ZnSnN: lattice to form MgZnSnN.. This
suggests that Mg ions are not substantially incorporated into the ZnSnN>
lattice in our films. As the Mg concentration increases, a peak associated
with magnesium nitride (MgsN2) becomes more pronounced, indicating
the formation and coexistence of MgsN2 grains alongside ZnSnNo.
However, the presence of MgsNz does not appear to disrupt the ZnSnN-
lattice structure, as further evidenced by the stability of the (002) peak
position. While this peak could potentially be attributed to ZnO (111),
due to its alignment with known ZnO diffraction data and the possibility
of Zn reacting with oxygen, this interpretation is not supported by op-
tical reflectance analysis (see Fig. 8). The analysis shows no decrease in
the refractive index with increasing Mg content, which would be ex-
pected if ZnO were present. This finding further supports the conclusion
that the observed peak originates from the ZnSnN: structure rather than
ZnO formation.

Fig. 3a shows the main (002) peak positions as a function of MMFC,
and Fig. 3b their corresponding interplanar spacings. Adding Mg can

MMFC=0 at% MMFC=8.7 at% MMFC=12.7 at% MMFC=17.2 at%

“MMFC=19.7 at% MMFEC=24.1 at% MMFC=27.1 at% MMFC=28.9 at%
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Fig. 2. XRD patterns of the sputtered ZnSnN, thin films at different Mg
concentrations.
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cause a strain in the structure, which could explain the minute shifts in
the positions of the observed peaks compared to the previously reported
data [18]. However, the main 002 peak positions did not noticeably
change as Mg contents increased, while the interplanar spacings did not
match the increasing Mg in the films. Although this behavior indicates
possible stress-induced lattice changes, the absence of apparent peak
shifts does not exclude minor Mg substitution below the detection limit
of conventional XRD. It is therefore possible that Mg atoms occupy
interstitial or grain-boundary positions, although further confirmation
through high-resolution STEM-EDS or Rietveld refinement would be
required. The observed grain-size reduction and weaker (002) orienta-
tion may arise from Mg-induced modifications in surface diffusion and
adatom mobility, consistent with dopant-induced surface-energy effects
reported in GaN systems. Ramachandran et al. reported that GaN growth
by molecular beam epitaxy (MBE) on 6H-SiC(0001) substrates resulted
in Ga-polar GaN (0001) [25]. However, when the surface was exposed to
Mg flux, the polarity reversed, leading to the formation of nitrogen-polar
GaN(0001). This finding suggests that Mg can influence the growth
polarity in nitride systems. It is important to note that in the case of GaN,
both Ga- and N-polar orientations are constrained by the three-fold
symmetry of the substrate, which enforces a specific growth direction.
In contrast, the films in our study were not grown epitaxially, implying
that the absence of substrate-imposed symmetry likely reduced the en-
ergy barriers associated with various growth orientations. Moreover,
Bungaro et al. conducted ab initio calculations to investigate Mg incor-
poration in GaN [26]. Their findings revealed that Mg incorporation is
strongly dependent on the surface orientation and specific lattice sites of
GaN. Additionally, the mode of Mg incorporation or potential segrega-
tion is influenced by the chemical potential nature of all constituent
elements during growth [26]. These insights support our hypothesis that
the observed reduction in the intensity of the (002) XRD peak may be a
consequence of Mg promoting the growth of alternative crystallographic
orientations at the expense of the (002) orientation, a trend further
supported by the SEM analysis discussed later (as shown in SEM images
in Fig. 6). Indeed, additional ZnSnN: peaks, particularly the (122) and
(123) reflections, began to appear in the XRD patterns of Mg-containing
films. These peaks were absent in the Mg-free reference film, suggesting
that Mg incorporation may initiate or stabilize the formation of these
orientations. Such structural changes could result from Mg’s influence
during the initial nucleation at the film-substrate interface or during
subsequent film growth.

Fig. 4 shows the plot of grain size (D) as a function of MMFC. The
average grain size is estimated using the Scherrer formula below:

(0.9)A

b= p cosO M

where 1 is the X-ray wavelength, § is the full width at half maximum
(FWHM) in radians, and 6 is the diffraction angle in radians. The analysis
was performed for the first peak of 002 (20 = 32.5°). As observed, the
grain sizes decrease approximately linearly with increasing Mg content,
from 25.4 nm (MMFC = 0) to 15.5 nm (MMFC = 28.9 %). The reduction
of ZnSnNy grain due to the increasing Mg concentration could be
attributed to the coexistence of two types of crystallites, as well as to the
possibility that some of the Mg atoms residing in the grain boundaries of
ZnSnNy might limit the grain growth. These findings further support
that the growth of 002 orientation is becoming energetically less
favorable with the addition of Mg atoms, since growth at the surface of
the substrate starts when all metals (Sn, Zn, and Mg) from sputtering
start to nucleate. As there is a slight shift towards lower angles due to
increasing Mg concentration in the films, this is accordingly reflected in
a slight increase in the lattice constants (Fig. 3b). However, this change
in the lattice constant is so small that, even accounting for the Mg
concentration, a significant rise is still measured by EDX.

Fig. 5 shows the thicknesses of the ZnSnN, films as a function of
MMEC. The study also investigated the effect of film thickness on grain



A. Almushawwah et al.

Materials Today Communications 51 (2026) 114671

(b) ®  [nter-planer distance (d)
= = = Linear fit
2.765

2.760 ]
2.755 4 -

2.750 -

Inter-planer distance (nm)

2.745

MMFC (at%)

Fig. 3. (a) Positions of the first diffraction peak (002) and (b) the interplanar spacings as a function of MMFC.

(a) ¥ Position of the first peaks
32.8
M
@
B
ot
Y
T 326
v
g b v
T |becmccccccccced | TP, AR ——
8
= 32.4 4 v
« v
d
«
&
32.2 4
T T ) | T T T T
0 5 10 15 20 25 30
MMEC (at%)
®  Grain size (D)
26 - :
o Sl = = = Linear fit
~
s,
24 =
~N \. .
~
E ~
3
£ 22 4 S
-] ~
N ~ e
> LY
£ 20 S
£ N
u ~
18 4 e ° °
~
L - ~
16 ®
°
1 T T T T T 1
0 5 10 15 20 25 30
MMFC (at%)
Fig. 4. ZnSnN grain size as a function of MMFC.
7004 " Mg Metallic (%)
—-—- Linear fit
600 |
e
—~ 500 | [ I--—" 1 AL
€ PR Ll E’
£ 1l -
. r
& 400
c
-
=
£ 3001
£
i
200 |
100
T T T T T T
0 5 10 15 20 25 30
Mg Metallic Percentage (%)

Fig. 5. Thickness of ZnSnN, films as a function of MMFC.

size, as measured by XRD for the (002) orientation. As shown in Fig. 5,
the film thickness increases with increasing Mg concentration, sug-
gesting that the decrease in grain size is not accompanied by a reduction
in film thickness, thereby supporting our explanation of grain orienta-
tion preference. Logically, grain size is expected to increase with the
addition of more materials and thus the thickness, but this is not
observed here.

Fig. 6 shows the SEM images of the deposited thin films. All samples
exhibit dense microstructures composed of uniformly distributed small
grains. While the grain shapes remain generally consistent across the
Mg-containing films, a slight variation in grain size is observed with
increasing MMFC. In the reference film without Mg (MMFC = 0 at%,
Fig. 6a), the grains appear smaller and more densely packed than in the
Mg-doped samples (Fig. 6b-h), suggesting that Mg incorporation in-
fluences grain growth orientation. This observation qualitatively sup-
ports the hypothesis that (002)-oriented grains tend to grow more
laterally with Mg addition, resulting in a reduction of their vertical
dimension. The emergence of additional XRD peaks corresponding to
the (122) and (123) planes with increasing Mg content further indicates
a tilting of the (002) grains, possibly due to changes in growth orien-
tation. This shift in growth mode may promote the formation of larger or
coarser grains in films with higher Mg content. It is also worth noting
that the (122) and (123) XRD peaks remain relatively weak, which may
be attributed to the crystallographic mismatch between these orienta-
tions and the Si(001) substrate. The TEM imaging technique was also
employed to image and study the interface area of the ZnSnNj thin films
on Si substrates.

Fig. 7a-b show the TEM images for the MMFC= 8.7 % and
MMFC= 28.9 % samples, respectively. The thickness of the
MMFC= 8.7 % sample is lower than that of the MMFC= 28.9 %, which
agrees with the thickness measurements shown in Fig. 5. The bright
spots, indicated by black dashed circles in Fig. 7a-b are indicative of the
grains in (002) orientation, since the high symmetry of the grains allows
higher transmission of electrons. Further, the average grain size is larger
in samples with low Mg concentration. Upon direct observation by TEM
and correlation with XRD data obtained by the Debye-Scherrer method,
a qualitative agreement in the Mg-incorporation size-dependent
behavior is noticeable. TEM and XRD results provide support that Mg
incorporation in the SnZnN; system reduces the size of (002)-oriented
grains, thus limiting their vertical growth. Fig. 7c shows a magnified
TEM image of the MMFC = 8.7 % sample, while Fig. 7d displays a depth-
profile plot of the elemental analysis by the EDX-TEM system at various
points in the interface (shown in blue-green dots). As seen in Fig. 7c, the
grain has a well-ordered lattice spacing with a distance of 5.4 A, which
matches well with the (002)-interplanar spacing of 2.747 A as extracted
by XRD, as shown in Fig. 4b. Therefore, this lattice spacing of 5.4 A can
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comparison, Fig. 7d is the elemental analysis at the film-substrate interface region for MMFC= 8.7 % as a function of depth corresponding to the depth shown (blue-
green dots) in Fig. 7c. Fig. 7e(I) shows a zoom-in image of the dashed square in Fig. 7e(II) of the MMFC= 8.7 %. In contrast, Fig. 7e(Ill) shows the SAED of 7e(Il), and

Fig. 7e(IV) shows a zoom-in SAED pattern of Fig. 7e(II).

be attributed to the related (001)-oriented ZnSnNj crystallites.

The interface region can primarily be sectioned by three layers: (a)
thin film (above line 2), (b) intermediate layer (between 2 and 3), and
(c) substrate (below line 3). EDX performed element point-mapping in
each layer to analyze the chemical composition of each layer.

In the first layer (bottom layer) of the thin film, the concentration of
Sn is higher than Zn, even though their Zn:Sn ratio is close to unity. This
suggests that nucleation occurs on the lower part of the film, as its
stoichiometry differs from that of the film. Furthermore, Mg concen-
tration in this region is notably low, indicating limited Mg incorporation
during the initial stages of film growth.

In the second layer (intermediate layer), an interesting trend
emerges: the concentrations of Zn, Sn, and Mg are all significantly
reduced (excluding nitrogen). This region is predominantly composed of
nitrogen, oxygen, and silicon, with the Si concentration increasing
progressively toward the third layer. These observations imply the for-
mation of silicon nitride (Si-N) compounds that may extend into the first
layer, influencing early film growth and interface chemistry.

In the third layer, corresponding to the substrate, nitrogen and Si-N
compounds are anticipated in the upper portion. A reaction between N
and Si to form N-Si compounds is possible under the current deposition
conditions, as nitrogen can diffuse into the substrate and react with

silicon [24,25].

In Fig. 7e, the atomic order is clearly visible, with a spacing of
4.32 nm across 8 consecutive layers. This means that the spacing is 5.4
A, in close agreement with the reported lattice parameter ¢ of ZnSnNa.
Fig. 7e(lII-IV) exhibits the reciprocal space of the lattice ordering with a
rectangular symmetry indicated by the dotted rectangles in both images.
The arrows denoted by n; and m; are the base vectors of the SAED
patterns. It is observed that the ratio of the lattice constants () = 0.94,

which is equal to the ratio of the reciprocal vectors (%) . This is, in fact,

consistent with the fact that the vector n; represents 002 order since 001
cannot be seen due to destructive interference. Indeed, the lattice pa-
rameters ¢ and a are perpendicular to each other as well as their recip-
rocal vectors n; and mj, respectively, as seen in Fig. 7(e-IV).
Reflectance measurements were also conducted to examine the op-
tical properties of the Mg-ZnSnNj thin films. Fig. 8 shows the Reflec-
tance spectra of the samples, each indicated by a different color. The
angle of incidence was 0° for all measurements. All films exhibit inter-
ference patterns that oscillate between destructive and constructive
interference. As the concentration of Mg increases, the amplitudes of the
constructive interference increase. Moreover, the wavelengths of the
interference fringes have shifted towards longer wavelengths.
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Fig. 9. High-resolution XPS spectra of Zn 2p (upper left), Sn 3d (upper right), Mg 2 s (lower left), and N 1 s (lower right) for Mg-ZnSnN, thin films with MMFC
values: 0 (green), 8.7 (red), and 28.9 (blue) at%.
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Comparing the MMFC= 0 % sample with the MMFC= 28.9 % sample, a
clear difference can be observed. This can be explained below as follows.
ZnSnN», and Mg3N» have close values of indices of refraction; MgsNy
index of refraction is about 10 % higher than that of ZnSnNy [14,27].
Moreover, films with higher Mg content are thicker, as shown in Fig. 5.
Therefore, both effects, higher thickness and index of refraction,
contribute to the shift of interference peaks toward higher wavelength.
In fact, the significant shift in the interference constructive peak be-
tween the sample with no Mg and the sample having the least
Mg-content is affected mainly by the thickness difference. As observed,
the amplitude of constructive interference increases with increasing Mg
content, which is attributed to the presence of Si-N at the film-substrate
interface. This material has a refractive index below that of ZnSnN, (as
shown in Fig. 7), meaning that films with higher Mg content would
reflect more light from the substrate-film interface as the refractive
index difference increases. Moreover, by considering the film surface-air
interface, a similar analogue can also contribute to an increase in re-
flected light. As expected, films with higher MMFC have higher reflec-
tance. Hence, the optical reflectance results presented here are
consistent with the data from EDX, XRD, Thickness profile, and
HRTEM-EDX, as shown in Figs. 1, 2, 5, and 7, respectively.

Fig. 9a shows two peaks in the XPS spectrum of Zn 2p; 3 and 2 P35.
The stronger peak was ascribed to the Zn 2p3,, and the weaker peak to
the Zn 2p; /» transition. With increasing MMFC, the position of the Zn
2ps3,2 peak was observed to shift from 1022.3 to 1022.8 eV, while the Zn
2p1 /2 peak shifted from 1045.4 to 1045.9 eV, which could be attributed
either to energy corrections or the Zn-N bonds. However, Chinnakutti
et al. reported positions of 1021.5, 1021.7, and 1021.4 eV for the Zn
2ps3/2 peak and 1045.6 and 1045.5 eV for the Zn 2p; /5 peak, which are
similar to those observed in the present study [23]. These peaks are
associated with Zn-N bonding in ZnSnNjy thin films, in good agreement
with our results and those of other studies [23,28,29]. However, the first
peak (1022.3 eV) was quite far from the reported value of 1021.3 eV,
which could be attributed to the presence of Zn-O bonds (1022.4 eV) in
the films, because Zn strongly interacts with O due to the high mutual
affinity of Zn and O, thus explaining the first peak. Nonetheless, further
investigation is needed to elucidate this result [30]. These XPS results
indicated strong Zn peaks, suggesting the presence of Zn-N bonds on the
film surface.

Fig. 9b also shows the high-resolution XPS spectra of Sn 3d. By
considering the peak height ratios, two main Sn peaks were identified:
the strong peak corresponding to Sn 3ds,» and the weak one corre-
sponding to Sn 3ds/.. Notably, the binding energy of the strong peak,
which was ascribed to the Sn—N bonds in ZnSnN», shifted from 486.3 to
486.7 eV, which could be attributed to the incorporation of Mg with
increasing content, thus affecting the Sn—N bonds [23,31]. Meanwhile,
the weak peak also shifted from 494.8 to 495.1 eV with increasing Mg
content. Owing to the weak interaction between Sn and O, the presence
and shifting of Sn peaks could be attributed to the incorporation of Mg in
the system, which affected the Sn—N bonds, as observed in the case of the
strong peak. Although the peak shifts require further investigation, XPS
data indicate the presence of Sn on the film surface.

Fig. 9c further shows the high-resolution XPS spectrum of Mg 2 s,
which exhibits a broad peak between 93 and 86 eV. Instead of the Mg
2ps3,2 line, the Mg 2 s line is presented because the Mg 2ps,» peak shows
a lower cross-section and occurs near the Fermi edge. Although
MMFC= 0 at% shows a much broader central peak, which can be
attributed to background and satellite peaks, the corresponding peaks
for other MMFC appear narrower and shifted, possibly indicating Mg
incorporation, as previously reported in other data. After curve-fitting
(not shown), the peaks of Mg 2 s were positioned in the region of
88.6-89.2 eV, which is a typical characteristic of the Mg 2s line.
Although Mg may not be clearly observed on the film surface, the
observed humps could have originated from sublayers beneath the
surface.

Additionally, the XPS N 1 s spectra shown in the lower right of Fig. 9
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exhibit a shift in the binding energy peak from 396.2 eV to 397.0 eV.
This binding-energy range is consistent with values previously reported
for tin nitride (SnNx) thin films [32]. In ZnSnN: thin films, N 1 s binding
energies in the range of ~396-397 eV have commonly been attributed
to nitride nitrogen coordinated with Zn, corresponding to N-Zn bonding
environments within the ZnSnN- lattice [1,23,32,33]. In particular, Choi
et al. demonstrated that N 1 s peaks near 397 eV originate from strong
Sn-N bonding formed under nitrogen-rich sputtering conditions [32],
supporting the assignment of the observed peak shift to the combined
presence of N-Zn and N-Sn bonds in the ZnSnNz thin films studied here.
More importantly, the changes in the intensity of the N 1 s peak with
increasing Mg content suggest a weak N presence at the film surface.
Thus, the N 1 s signals can only be attributed to the presence of strong
N-related bonds in the subsurface layers of the film. Although Yamada
et al. reported XPS results for the O peaks, no prior studies have reported
XPS data for the Zn, Sn, Mg, and N peaks of MgxZni-xSnNz at 34° (20),
necessitating further investigation of this system [2].

4. Conclusions

In this study, Mg-ZnSnN, thin films were deposited via reactive
magnetron co-sputtering at room temperature to investigate the effects
of Mg incorporation on structural, interfacial, and optical properties.
The powers of the reactive magnetron sputtering system with a Mg
target varied from O to 220 W. In contrast, nitrogen (N3) flow rates,
discharge currents on the Zn and Sn targets, substrate temperatures, and
deposition times were maintained constant. Despite a progressive in-
crease in Mg flux with sputtering power, the ZnSnN: lattice parameters
remained essentially unchanged, indicating minimal Mg substitution.
Instead, Mg predominantly formed separate MgsN: crystallites coexist-
ing with the ZnSnN: phase, as confirmed by stable XRD peak positions
and high-resolution TEM imaging. Further, increasing Mg content to
28.9 % increased the film thickness without altering the ZnSnN: crystal
structure, while reducing grain size and inducing secondary orientations
due to altered growth kinetics. Higher Mg levels also led to thicker films
and the formation of a Si-N interfacial layer due to nitrogen diffusion
into the substrate. These changes, along with the higher refractive index
of MgsN2, enhanced reflectance and redshifted optical interference fea-
tures. XPS showed stable Zn-N and Sn-N bonding, with minor chemical-
state shifts at higher Mg flux. Overall, Mg incorporation at room tem-
perature drives secondary-phase formation and interfacial reactions
rather than lattice substitution, offering insights for tuning interfaces
and defects in ZnSnN2-based optoelectronics.
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