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A B S T R A C T

Nitride-based materials have garnered significant attention for next-generation optoelectronic devices owing to 
their tunable properties, which enable innovative device applications. Among these, zinc tin nitride (ZTN) is 
promising because of its unique electronic and optical characteristics. Herein, we report the first successful 
fabrication and characterization of p-n homojunction devices based on amorphous ZTN thin films doped with 
group III elements (Al and Ga). The doped ZTN thin films were synthesized using a modified pulsed plasma- 
enhanced chemical vapor deposition (PECVD) method, allowing precise control over the injection of each pre
cursor for tailored material properties. Systematic doping of p-type ZTN with varying dopant concentrations 
revealed tunable optical and electrical properties, including hole concentrations ranging from 1013 to 1018 cm− 3, 
mobilities of ~1–10 cm2/(V⋅s), bandgaps of 1.96–2.43 eV, work functions of 4.25–4.97 eV, and Fermi level 
modulation. The optimized ZTN-based homojunction device exhibited a rectification ratio of 102, which is 
attributed to band structure engineering of the p-type ZTN. This work highlights the potential of group III-doped 
ZTN as a scalable platform for high-performance optoelectronic devices and contributes to the advancement of 
nitride-based materials for next-generation devices.

1. Introduction

The development of nitride semiconductors is a critical challenge in 
advancing high-performance electronic and optoelectronic devices. 
Recent advances in nitride-based devices, such as AlN interlayer engi
neering for GaN heat dissipation [1], GaN avalanche photodetectors [2], 
and graphene/GaN ultraviolet detectors [3], highlight the increasing 
importance of nitride semiconductors in optoelectronic applications. 
Moreover, modern electronics increasingly require homojunction de
vices, in which both the p-type and n-type regions are formed from the 
same semiconductor material. This configuration enables efficient 
charge carrier transport across the junction, thereby enhancing overall 
device efficiency and reliability [4–7].

However, the tunability of electronic and optical properties in binary 
III-nitrides is inherently limited, restricting the range of achievable 
material characteristics. Recently, ternary nitrides—particularly II-IV 

nitrides such as zinc tin nitride (ZTN)—have emerged as attractive al
ternatives due to their compositional tunability, abundance, cost- 
effectiveness, low toxicity, and excellent optoelectronic properties, 
including a direct bandgap and high absorption coefficient [8–13]. In 
particular, ZTN is noteworthy because it exhibits defect-tolerant 
behavior, maintaining good optoelectronic performance even in the 
presence of structural imperfections. This property makes ZTN partic
ularly promising for solar energy conversion applications, including 
photovoltaic (PV) and photoelectrochemical (PEC) devices [14]. In this 
context, ZTN offers a new pathway to overcome the intrinsic limitations 
of binary nitrides, while drawing insights from recent advances in 
nitride- and 2D material-based devices [1–3,15,16].

While high-quality n-type ZTN has been demonstrated, achieving 
stable and efficient p-type ZTN remains challenging due to difficulties in 
effective doping and maintaining stable hole concentrations. This is 
primarily attributed to intrinsic donor-type defects such as SnZn anti- 
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sites (Sn substituting Zn), VN (N vacancies), and Zni (Zn in the interstitial 
site surrounded by N atoms), as well as extrinsic defects like ON (O 
substituting N) [17–19]. Intrinsic donor defects have significantly lower 
formation energies than intrinsic acceptor defects, and thermodynamic 
analyses indicate that p-type doping of ZTN is highly challenging [17]. 
Nevertheless, Adamski et al. theoretically predicted p-type nitride 
semiconductors by doping Zn-IV nitrides with Li, Al, Ga, and In cations, 
while Chinnakutti et al. experimentally demonstrated the p-type con
version of ZTN through doping with Li and Ba via sputtering [20–22].

For enhanced p-type doping and effective suppression of donor 
defect formation, ZTN thin films should be synthesized as amorphous 
materials using chemical vapor deposition (CVD) [23]. Historically, ZTN 
thin films have typically been deposited by physical vapor deposition 
(PVD) techniques such as sputtering [21,22,24–28] or molecular beam 
epitaxy (MBE) [29,30], resulting in crystalline films—typically in 
wurtzite or orthorhombic phases. In such cases, ZTN exhibits high 
electron concentrations due to donor defects such as SnZn and Zni. 
Compared to crystalline phases, amorphous ZTN lacks long-range peri
odicity and well-ordered atomic arrangements, which increases the 
formation energy of certain defects—such as donor-type interstitials or 
substitutional impurities—making their formation energetically unfa
vorable and thus more conducive to p-type conductivity [28]. However, 
synthesizing amorphous ZTN using conventional thermal CVD is diffi
cult due to the low decomposition temperature of ZTN (~455 ◦C) [31]
and the high temperatures required for activation of nitrogen precursors 
such as N2 and NH3 (600–800 ◦C) [32].

In this study, we report the synthesis of amorphous p-type ZTN thin 
films doped with Al and Ga using a modified pulsed plasma-enhanced 
chemical vapor deposition (PECVD) method, which enables low- 
temperature growth and precise dopant control through a sequential 
pulsing strategy. Unlike thermal CVD, PECVD utilizes plasma energy to 
drive chemical reactions, allowing deposition at much lower substrate 
temperatures and promoting amorphization by suppressing atomic 
diffusion and crystallization [33]. We examine the impact of dopant 
concentration on the chemical environment, electrical and optical 
properties, and band structure. Finally, we demonstrate the fabrication 
and characterization of p-n homojunction devices composed entirely of 
amorphous ZTN thin films, confirming their potential for 
next-generation optoelectronic applications.

2. Experiment

2.1. Deposition of nitride thin films

Al-doped ZTN (AZTN) and Ga-doped ZTN (GZTN) thin films were 
deposited on three different substrates—bare Si, dry-oxidized SiO2 
(100 nm)/Si, and soda-lime glass—using a custom-built pulsed PECVD 
system at a growth temperature of 300 ◦C. The bare Si substrate was 
used for analyses, such as XPS, EDS, and UPS, to accurately probe the 
intrinsic bonding environment of the thin films. The dry-oxidized SiO2 
(100 nm)/Si substrate was used to eliminate the electrical contribution 
from the Si during Hall-effect measurements and device characteriza
tions. Lastly, the soda-lime glass substrate, being transparent and 
amorphous, was employed for XRD and UV-Vis analyses. All the sub
strates were cleaned sequentially with acetone, ethanol, and deionized 
water. Before each deposition, deposition chamber pretreatment was 
performed for 20 min by introducing remotely generated H2 plasma to 
remove residual oxygen and moisture, thereby suppressing oxygen im
purities in the nitride thin films. The H2 plasma was generated by 
flowing ultrahigh-purity H2 (99.9999 %) gas at a flow rate of 500 sccm 
with a plasma power of 50 W. AZTN thin films were prepared via the 
reaction of trimethyl aluminum (99.9999 %, (CH3)3Al, EG Chem Co., 
Ltd.), diethyl zinc (99.9999 %, (C2H5)2Zn, EG Chem Co., Ltd.), tetrakis 
(dimethylamino) tin(IV) (99.9999 %, [(CH3)2N]4Sn, EG Chem Co., Ltd.), 
and NH3 (99.999 %) gas. Trimethyl aluminum (TMA) and diethyl zinc 
(DEZ) kept at 10 ◦C and tetrakis(dimethylamino) tin(IV) (TDMASn) 

heated to 50 ◦C were used as the Al, Zn, and Sn precursors, respectively. 
GZTN thin films were prepared similarly to the AZTN thin films using a 
novel Ga precursor, which was C5H13OGa (99.35 %, Lake Materials Co., 
Ltd.). Flows of 99.999 % pure N2 and NH3 gases were used as the pre
cursor delivery and nitrogen sources, respectively. Plasma was gener
ated at 10 W to supply activated nitrogen. The flow rates of N2 and NH3 
were adjusted to 10 and 200 sccm, respectively, using mass flow 
controllers.

2.2. Fabrication of devices

A custom thermal evaporator was utilized to fabricate the p-n 
homojunction devices. The bottom electrodes were deposited via ther
mal evaporation of Cr/Au (5/100 nm) on a dry-oxidized SiO2 (100 nm)/ 
Si substrate. Subsequently, n-type ZTN and p-type AZTN or GZTN thin 
films were deposited in situ on the bottom electrodes. Top electrodes of 
Cr/Au (5/100 nm) were deposited on the nitride thin films using a 
shadow mask. The top electrodes had diameters of 200 μm and were 
spaced 200 μm apart.

2.3. Characterization

AZTN and GZTN thin films with various Zn:Sn:dopant (Al or Ga) 
ratios were deposited via pulsed PECVD, and their properties were 
analyzed using various characterization methods. To confirm the 
chemical compositions of the films, X-ray photoelectron spectroscopy 
(XPS, Thermo VG Scientific, Al K-Alpha + X-ray Photoelectron Spec
trometer System) and energy-dispersive X-ray spectroscopy (EDS, 
InLens Detector) were performed. The morphological and structural 
features of the films were examined via field-emission scanning electron 
microscopy (FE-SEM, Carl Zeiss, Gemeni 560) and X-ray diffraction 
(XRD, Rigaku D, MAX-2200). Electrical properties such as the carrier 
concentration, conductivity, and mobility of the films were character
ized via Hall-effect measurements (ECOPIA, HMS-5000). The optical 
properties, such as the bandgap and energy diagrams, were confirmed 
by ultraviolet− visible (UV-Vis) spectroscopy (SCINCO, S-4100) and UV 
photoelectron spectrometry (UPS, NEXGA G2). Finally, the direct- 
current I-V characteristics of the p-n homojunction devices under 
ambient conditions (at a temperature of 25 ◦C) were measured using a 
semiconductor parameter analyzer (HP4155B), and the C-V character
istics were measured using an LCR meter (Keysight E4980A).

3. Results and discussion

AZTN and GZTN thin films were deposited by alternately injecting 
Zn/Sn/Al and Zn/Sn/Ga precursors. Fig. 1a shows the sequence and 
pulse duration of each precursor, the reactant gas, and plasma in a single 
supercycle of the pulsed PECVD method. During the alternating injec
tion of the Zn precursor (l s), Sn precursor (m s), and dopant precursor (n 
s), reactant gases N2 and NH3 were continuously supplied, and plasma 
was consistently formed. The process temperature was fixed at 300 ◦C, 
and supercycles were repeated until the total deposition time reached 
500 s. Dense ZTN films with a smooth surface were deposited at the 
growth temperature of 300 ◦C (Fig. S1). In addition, thin films of con
stant thickness were deposited by fixing the deposition time to 500 s, as 
shown in Fig. S2 and S3.

As shown in Fig. 1b and c, the atomic concentrations of cations (Zn, 
Sn, Al, and Ga) in the AZTN and GZTN thin films as a function of the 
dopant precursor pulse duration were measured using EDS. All the 
synthesized doped ZTN thin films were fabricated with fixed Zn and Sn 
injection times of 10 and 6 s, respectively. These injection times afforded 
undoped ZTN with the highest oxidation resistance and lowest electron 
carrier concentration [23], making ZTN stable and facilitating its con
version to a p-type semiconductor. The Al content in the AZTN thin films 
was 4.74, 10.0, 13.0, and 15.9 at% for Al pulse durations of 1, 3, 5, and 
7 s, respectively, as shown in Fig. 1b. The Ga content in the GZTN thin 
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films was 4.57, 6.38, 14.4, and 20.0 at% for Ga pulse durations of 3, 5, 
10, and 15 s, respectively, as shown in Fig. 1c. The detailed atomic 
percentages of all the cations in the AZTN and GZTN thin films with 
respect to the Al and Ga injection times are presented in Table S1.

The amount of Al and Ga incorporated into ZTN by pulsed PECVD 
increased linearly with an increase in injection time, as shown in Fig. S4. 
However, the host materials Zn and Sn exhibited a definite decrease and 
increase, respectively, even though the Zn and Sn precursor injection 
times remained unchanged. This is attributed to the interplay of pre
cursor volatility and reactivity. Volatile precursors, such as DEZ 
(~100 Torr @ 20 ◦C), exhibit a high propensity to saturate the reaction 
surface quickly owing to their low boiling points and rapid desorption 
kinetics. This saturation limits their incorporation efficiency when 
competing precursors with lower volatility, such as TDMASn 
(~0.008 Torr @ 20 ◦C), TMA (~11 Torr @ 20 ◦C), or C5H13OGa 
(~0.1 Torr @ 20 ◦C), are introduced [34].

In comparison, less volatile precursors, such as TDMASn, exhibit 
prolonged surface residency times, enabling more extensive surface re
actions and higher incorporation rates. The differential incorporation 
behaviors of Zn and Sn are governed by the thermodynamic and kinetic 
competition between precursors. This competition alters the energy 
barriers for adsorption, desorption, and subsequent chemical reactions, 
favoring the inclusion of less volatile species over more volatile ones 
under the same reaction conditions. The kinetic energy available at the 
surface plays a pivotal role in facilitating or hindering specific reaction 
pathways, as higher energy environments may enhance precursor 
reactivity but also promote the desorption of highly volatile species. This 
interplay governs the observed concentration changes and underscores 
the complexity of CVD processes [35–37].

In this context, Olsen et al. reported that in ZTN, which has an 
orthorhombic structure, the formation energy decreased when Al and Ga 
replaced the Zn sites instead of the Sn sites [19]. Because of this low 
formation energy, it may be preferable to substitute the dopant material 
(Al and Ga) with a Zn host material. However, XRD analysis revealed 
that the doped ZTN manufactured in this study had an amorphous phase, 
as shown in Fig. S5. In addition, selected-area electron diffraction pat
terns obtained using a transmission electron microscope confirmed that 
the deposited thin films were amorphous, with no nanocrystalline 
structure (Fig. S6). Determining the mechanisms underlying these be
haviors in amorphous materials is not easy, because amorphous mate
rials have more irregularities than crystalline structures, making their 

behavior less predictable and more difficult to model. Theoretical cal
culations, e.g., density functional theory, are expected to provide in
sights into the thermodynamic and kinetic changes, as well as the 
reaction energies, that influence these behaviors. These findings high
light the complexity of amorphous ZTN systems and emphasize the need 
for combined experimental and computational studies to clarify the 
dopant substitution mechanisms and optimize material performance.

Fig. 2 presents the XPS core-level spectra of AZTN and GZTN at 
various concentrations of Al and Ga, providing insights into how doping 
influences the chemical environment within the amorphous ZTN thin 
film. The XPS spectra were analyzed with vertical emission geometry 
using conventional monochromatic Al Kα radiation (hv = 1486.6 eV). 
The pass energy of the XPS spectra was kept at 50.0 eV. To remove 
surface contamination, a 10-s Ar+ sputtering process was performed.

For AZTN, the Al 2p core-level spectrum shown in Fig. 2a reveals that 
as the concentration of Al increased, the intensity of the Al-N peak 
(73.1 eV) increased without a shift in the peak position [38,39]. This 
suggests that Al does not act as a substitutional dopant but instead af
fects the local bonding environment. Simultaneously, Zn 2p3/2 spectrum 
(Fig. 2c) shows a reduction in the intensity of the Zn interstitial (Zni) 
peak (~1021.0 eV) coupled with a more pronounced Zn-N bonding peak 
at a higher binding energy (~1021.2 eV) as the Al concentration in
creases [21,40]. These findings indicate that excessive Al doping can 
stabilize the Zn atomic environment by mitigating the formation of Zni 
defects, potentially through local bonding rearrangements. Addition
ally, the Sn 3d5/2 spectrum (Fig. 2d) reveals a decline in the interstitial 
Sn (Sni) peak (~484.1 eV), while the Sn2+ (484.8 eV) and Sn4+

(485.5 eV) peaks become more pronounced [28]. These changes 
demonstrate that Al doping plays a role in stabilizing the oxidation states 
of Sn, potentially by modifying the local defect landscape and reducing 
the amount of unstable interstitial Sn species [41]. These effects may be 
related to changes in the local electronic environment, which may in
fluence the oxidation-state distribution of Zn and Sn within the amor
phous network [42].

In Fig. 2e, the N 1 s spectra support these findings. The peak corre
sponding to Sn-N bonding (397.2 eV) has a high binding energy owing 
to the high electronegativity of Sn [11,39], whereas that corresponding 
to Zn-N bonding (396.2 eV) is observed at a lower binding energy [22]. 
Because the electronegativity of Al is similar to that of Zn, as the Al 
concentration increased, the relative intensity of the Al-N (and Zn-N) 
bonding peak compared to that of Sn-N increased. Additionally, the 

Fig. 1. (a) Schematic of pulse sequence in pulsed PECVD. EDS of (b) AZTN and (c) GZTN thin films. Cation composition of AZTN thin films are depicted for an Al 
precursor duration time of 1, 3, 5, and 7 s, while those of GZTN thin films are shown for a Ga precursor duration time of 3, 5, 10, and 15 s.
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NHx free amine peak (398.8 eV) and N-N peak (403.3 eV) commonly 
observed for nitrides synthesized using PECVD with N2 and NH3 plasma 
emerged in the spectrum [43–49]. However, their correlation with Al 
doping remains unclear, suggesting that they may primarily result from 
the PECVD process rather than direct doping effects.

Al and Ga doping exhibited different effects on the ZTN thin film. In 
the Ga 2p3/2 spectrum (Fig. 2b), the intensity of the Ga-N bonding peak 
(1117.1 eV) increases proportionally with the Ga concentration without 
a significant shift in binding energy, indicating a stable Ga-N bonding 
environment [43]. As shown in Fig. 2c, increasing the Ga concentration 
reduces the Zni peak intensity and shifts the Zn 2p3/2 peak to higher 
binding energies, signifying enhanced Zn-N bonding and reduced Zni 
defects. In the Sn 3d5/2 spectrum (Fig. 2d), a different trend is observed: 
the Sni peak intensity increases significantly at Ga concentrations above 
14.4 at%. This behavior is attributed to a reduced Zn concentration in 
the amorphous network, likely due to process-related effects where 
extended Ga precursor injection limits Zn incorporation. The increased 
relative abundance of Sn promotes Sni defect formation, underscoring 
the complex interplay between Ga doping and the amorphous ZTN [28].

The N 1 s spectrum (Fig. 2e) reveals additional effects of Ga doping. 
An increase in Ga-Auger peaks and Ga-N peak intensity (~397.4 eV) is 
observed with increasing Ga concentration, indicating reinforced Ga-N 
bonding interactions [50,51]. In addition, owing to the similar electro
negativities of Ga and Sn, the Ga-N binding energy in the N 1 s spectrum 
could be similar to that of Sn-N, making it challenging to distinguish 
between the two interactions. As a result, the N 1 s binding energy 
remained relatively constant, and the incorporation of Ga contributed to 
Ga-N bonding interactions.

The XPS analysis indicated that Al and Ga doping do not clearly 
exhibit direct substitution of Zn or Sn but rather influence the defect 
chemistry and bonding environment of the amorphous ZTN network. At 
lower dopant concentrations, Al and Ga doping both significantly affect 
the bonding environment compared with undoped ZTN. As the dopant 
concentration increases, dopant-N and Zn-N bond interactions are 
enhanced, shifting to a binding state similar to that of undoped ZTN, as 
evidenced by shifts in binding energy. However, the effect of Ga doping 

on Sn bonding interactions seems to become more complex, while Al 
doping still appears to be effective for reducing interstitial defects and 
stabilizing the amorphous network. Thus, the observed difference in 
binding energy between the doped and undoped ZTN films indicates that 
doping plays a crucial role in modulating the electronic structure and 
influencing the electrical properties of the material. These findings 
emphasize the critical role of defect engineering in achieving p-type 
conductivity in amorphous materials and provide a deeper under
standing of how dopant incorporation affects the structural and elec
tronic properties of ZTN thin films.

Hall-effect measurements were employed to estimate the electrical 
properties, such as the carrier concentration, mobility, and conductivity, 
of the AZTN and GZTN thin films. Measurements were performed at 
room temperature, and the reproducibility of the samples was confirmed 
by analyzing the characteristics of multiple batches obtained under 
identical conditions and representing the results with error bars. Spe
cifically, square-shaped samples were prepared with electrical contacts 
at the four corners using a 4-point probe method. Hall voltage was 
measured under a magnetic field of 0.54 T while controlling the current. 
Using the Van der Pauw method, carrier concentration was calculated 
from the measured Hall voltage. The sheet resistance was also measured 
using the 4-point probe technique, and conductivity σ was calculated by 
dividing the reciprocal of Rs by the film thickness d. Finally, the mobility 
μ was determined using the relation μ= σ/(qn), where q is the elemen
tary charge and n is the carrier concentration obtained from the Hall 
measurement [52–54]. In previous studies, the majority of undoped ZTN 
thin films exhibited n-type conductivity. In particular, undoped ZTN 
exhibits electron concentrations of ~1013–1019 cm− 3, a mobility of 
~1–10 cm2/(V•s), and a conductivity of ~10− 4–1 S•cm− 1 depending on 
the composition [23]. However, in Fig. 3, the doped ZTN thin films 
exhibit p-type conductivity. AZTN exhibits (a) hole concentrations 
ranging from approximately 1014–1018 cm− 3, (b) hole mobilities of 
~1–10 cm2/(V•s), and (c) p-type conductivity of ~10− 1–10− 4 S•cm− 1, 
varying with the Al concentration. GZTN exhibits (a) hole concentra
tions ranging from 1013 to 1017 cm− 3, (b) hole mobilities of 
~1–10 cm2/(V•s), and (c) p-type conductivity of ~10− 2–10− 5 S•cm− 1, 

Fig. 2. XPS spectra according to dopant concentration of (a) Al 2p, (b) Ga 2p3/2, (c) Zn 2p3/2, (d) Sn 3d5/2 and (e) N 1 s core levels of AZTN and GZTN with undoped 
ZTN for comparison.

N. Kim et al.                                                                                                                                                                                                                                     Journal of Alloys and Compounds 1040 (2025) 183625 

4 



depending on the Ga concentration. Thus, the carrier concentration 
decreases as the dopant concentration increases [55,56]. This phe
nomenon appears to be closely associated with alterations in the 
bonding environment of the amorphous ZTN network induced by Al and 
Ga doping, as well as variations in dopant concentration, as evidenced 
by the XPS core-level spectra presented in Fig. 2.

Typically, Zn interstitial defects are expected to reduce the p-type 
conductivity by acting as donor defects. However, in the amorphous 
ZTN phase, Al or Ga doping can promote the formation of localized Zni 
defects, which may lead to the creation of shallower acceptor levels 
through defect complex formation, rather than allowing Zni to function 
as an independent donor [57]. Similarly, p-type doping studies of ZnO 
have demonstrated that doping can alter the formation energies of 

multiple defects and facilitate the formation of defect complexes [58, 
59]. Additionally, the introduction of Al and Ga may stabilize donor-like 
defects or complexes via interaction with Zni. This stabilization reduces 
the donor activity of Zni and can increase the hole concentration in the 
valence band, increasing the p-type conductivity. The formation energy 
of Zni-related acceptor levels depends on not only the dopant concen
tration and the chemical potential conditions during synthesis but also 
the composition and bonding environment of the ZTN thin film [17]. 
Consequently, increasing the doping concentrations of Al and Ga 
reduced the hole concentration in the doped ZTN thin films [60].

The combination of Hall-effect measurements and XPS analyses re
veals that doping-induced modifications in the defect chemistry and 
bonding environment significantly affect the electrical properties of 

Fig. 3. Hall-effect measurements of AZTN and GZTN thin films according to dopant concentration. Electrical properties (a) hole concentration, (b) mobility and (c) 
conductivity are shown. The blue dots in each figure represent the results of AZTN thin films and lime green dots represent those of GZTN thin films.

Fig. 4. UV-Vis Tauc plots of (a) AZTN and (b) GZTN thin films according to dopant concentration. Optical band gaps are estimated by x-axis intersection points of 
each tangent line. UPS spectra of (c) AZTN and (d) GZTN thin films are shown with SE cutoff energy and VBM energy with the Fermi level set at 0 eV. Schematic band 
diagrams of (e) AZTN and (f) GZTN thin films constructed with values obtained from (a) to (d).
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amorphous ZTN thin films. Despite the observed trends, the exact 
mechanisms governing the defect behavior in the amorphous ZTN phase 
remain unclear. In contrast to crystalline materials, amorphous systems 
exhibit highly localized electronic states and irregular bonding envi
ronments, complicating the defect dynamics and their impact on elec
trical properties. These complexities demonstrate the challenges of 
defect engineering in amorphous materials and highlight the need for 
further investigations into the formation energies, defect interactions, 
and chemical potential conditions that determine the defect landscape in 
amorphous systems.

A Tauc plot was used to calculate the optical bandgaps of the 
amorphous-doped ZTN semiconductors. In Fig. 4a and b, the optical 
bandgaps of the AZTN and GZTN thin films increase with the dopant 
concentration. The observed bandgap widening can be generally un
derstood in the context of Vegard’s law, which predicts that the bandgap 
of an alloy system (or mixed crystal) varies with composition [61,62]. 
Considering that AlN (~6.2 eV) and GaN (~3.4 eV) have larger 
bandgaps than ZTN (~2.7 eV), the incorporation of Al and Ga into ZTN 
is expected to increase the overall bandgap [63,64]. However, since the 
ZTN films are amorphous, the precise application of Vegard’s law is 
limited. Amorphous materials exhibit some order but lack a clearly 
defined structure. The extended electronic states of crystalline materials 
can result in distinct energy bands. In contrast to their crystalline 
counterparts, the absence of periodicity in amorphous materials stimu
lates significant changes in their electrical environments, leading to 
localized states arising from disruptions in the energy band structure due 
to disordered atomic positions. This structural disruption influences the 
integration of dopant elements into the amorphous ZTN network and 
ultimately affects the optical properties.

The incorporation of Al and Ga into the amorphous ZTN involves 
distinct interactions compared with Zn and Sn, owing to differences in 
their ability to form covalent bonds with nitrogen. As the dopant con
centration increases, dopant atoms are more effectively incorporated 
into the amorphous ZTN system, leading to a reduction in defects such as 
Zn interstitials and a subsequent decrease in hole concentration, as 
illustrated in Figs. 2 and 3. The reduction and compensation of defects 
result in a lower density of mid-gap trap states and facilitate the for
mation of a more distinct and well-defined band structure, contributing 
to bandgap widening [65].

Under Sn-rich conditions, higher Sni defect concentrations are 
observed because of the increased Sn content, but these defects do not 
appear to significantly impact the optical properties. This observation is 
consistent with the Hall-effect measurement, where Sni defects do not 
seem to cause notable changes in the bandgap, likely owing to charge- 
compensation mechanisms such as the redistribution of electronic den
sity around Zn and Sn sites, which mitigate the effects of interstitial 
defects. This reorganization of local bonding environments minimizes 
defect contributions to the bandgap and supports bandgap widening 
[66].

UPS measurements were performed using a He I photon source (hv 
= 21.22 eV). Fig. 4c and d show the UPS spectra of AZTN and GZTN, 
respectively. We evaluated the effects of Al and Ga doping on the elec
trical structure of ZTN, with a focus on the energies of the secondary 
electron (SE) cutoff and the valence-band maximum (VBM). Fig. 4c 
presents the results of the UPS measurements performed on doped ZTN 
with various concentrations of Al. The work function was calculated by 
subtracting the energy of the SE cutoff from the energy of the applied 
photon source (Φ = 21.22 − Ecutoff). The work-function energies of the 
AZTN thin films with Al concentrations of 15.9, 13.0, 10.0, and 4.7 at% 
were 4.35, 4.34, 4.32, and 4.33 eV, respectively. The VBM energies 
decreased from 0.62 to 0.25 eV as the Al concentration decreased from 
15.9 to 4.74 at%. The gradual increase in the gap between the VBM and 
Fermi level energies indicates that the addition of Al as a dopant reduces 
the concentration of holes. The decrease in hole concentration with 
increasing Al content is attributed to the creation of defect states that 
function as hole traps or to a shift in the Fermi level toward the 

conduction band, which reduces the number of holes.
Fig. 4d shows the SE cutoff energy used to calculate the work func

tion and VBM energy position, which depend on the Ga concentration in 
GZTN. The work functions of the GZTN thin films with Ga concentra
tions of 20.0, 14.4, 6.38, and 4.57 at% were determined via the same 
method used for AZTN. The work-function energies of GZTN were 
calculated to be 4.97, 4.39, 4.29, and 4.25 eV, respectively. The VBM 
energies of the GZTN thin films are 0.60, 0.52, 0.50, and 0.24 eV lower 
than the Fermi level.

The work function and VBM energy positions depend on the dopant 
concentration, as shown in Fig. 4c and d, and the bandgap values are 
presented in Fig. 4a and b. Using this information, we estimated the 
band structures of the AZTN and GZTN thin films, as illustrated in Fig. 4e 
and f. As the doping concentrations of Al and Ga increased, the work 
function increased, and the gap between the VBM and the Fermi level 
widened. Interestingly, this finding correlates well with the Hall-effect 
measurements, which indicated that higher levels of doping caused 
the Fermi level to rise closer to the conduction band. In other words, as 
the dopant concentration increases, the density of the shallow states 
decreases, reducing the hole concentration and consequently pushing 
the Fermi level farther from the valence band.

The performance of p-n homojunction devices composed of n-ZTN 
(undoped ZTN) and p-ZTN (AZTN and GZTN thin films) was evaluated. 
A schematic of the device with an optical image of the top electrode is 
shown in Fig. 5d. Additionally, FE-SEM cross-sectional images of the 
devices composed of AZTN and GZTN are shown in Fig. 5c and e, 
respectively. In these images, there are no discernible boundaries at the 
interface, and the thickness is uniform.

Fig. 5a, b, and the insets show the I-V characteristics and rectification 
ratio (RR) of the p-n junction diode. The rectification ratio is defined as 
the ratio of the forward current to the reverse current, typically 
measured at the same magnitude of forward and reverse bias voltages. 
Overall, both devices composed of AZTN and GZTN thin films forming 
the p-n homojunction exhibited good rectifying characteristics. The 
forward current of the AZTN/n-ZTN thin-film devices increased to 
~80 mA with increasing hole concentration because of the decreasing 
Al concentration. The forward current of the GZTN devices exhibited a 
tendency similar to that of the AZTN thin-film devices, increasing to 
~60 mA.

The difference between the forward and reverse currents in the I-V 
curve was used to calculate the RR (|IF(max)|/|IR(max)|) values. The RR 
values of the AZTN devices decreased from 60 to 7 with increasing Al 
concentration. For the GZTN devices, the RR decreased from 200 to 20 
with decreasing Ga concentration. The maximum RR value was 
observed for 4.74 at% Al in AZTN and 20.0 at% Ga in GZTN. Because n- 
and p-type semiconductors form junctions, the I-V characteristics and 
RR values are affected by the built-in potential (Vbi) generated at these 
junctions. The Vbi of a p-n junction is determined by the difference in the 
Fermi levels of the n- and p-type semiconductors in the thermal equi
librium state.

To investigate the variations in Vbi of p-ZTN and n-ZTN as influenced 
by the dopant concentration, the band structure of n-ZTN was system
atically explored. Fig. S7a and b show that the gap between the Fermi 
level and VBM is 1.68 eV with bandgap of 1.72 eV, and the work func
tion is 4.01 eV. The gap in the Fermi level between AZTN and n-ZTN 
based on the Al concentration in the AZTN ranges from 0.31 to 0.34 eV. 
In addition, the difference in Fermi level between GZTN and n-ZTN, 
which depends on the Ga concentration, ranges from 0.24 to 0.96 eV. In 
AZTN/n-ZTN devices, the variation in Fermi level energy with respect to 
the Al concentration was found to be < 0.03 eV. Nevertheless, the de
vices exhibited excellent rectification characteristics because the po
tential was also influenced by the carrier concentration, which affected 
the depletion width. The depletion region, which is a crucial part of a 
junction diode, was confirmed using C-V measurements.

Capacitance measurements in semiconductor devices, such as p-n 
junctions, can be significantly affected by the series resistance—partic
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ularly at high frequencies. To determine the true capacitance accurately, 
it is necessary to correct the measured capacitance by accounting for the 
series resistance of p-ZTN. The series resistance of p-ZTN varied with the 
dopant concentration, as shown in Fig. 3. In our study, the series resis
tance was measured via the four-point probe method, and the capaci
tance of the p-n junction device was determined at 1.0 MHz at room 
temperature. We used a correction formula to eliminate the contribution 
of the series resistance to the measured capacitance [4,67]: 

Ctrue =
Cmeasure

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (ωRSCmeasure)
2

√ (1) 

In Eq. (1), ω = 2πf represents the angular frequency (with f=1 MHz), 
RS represents the series resistance measured, Cmeasure represents the 
capacitance measured at 1 MHz, and Ctrue represents the corrected 
capacitance that excludes the effect of the series resistance. This formula 
is derived according to the principle that the impedance (Z) of a 
capacitive system with a series resistance can be expressed as: 

Z = RS +
1

jωC
(2) 

The correction formula considers the frequency-dependent effects of 
the series resistance and provides the true capacitance of the p-n junc
tion. The corrected true capacitances are presented in Fig. 5f and g. As 
shown in Fig. 5f, for the AZTN/n-ZTN thin film device, as the Al con
centration in AZTN decreased, higher capacitance values were obtained 
at the same bias voltage. Similarly, in Fig. 5g, for the GZTN/n-ZTN thin 
film device, higher capacitance values are observed at the same voltage 
as the Ga concentration decreases. Furthermore, for both devices, as the 
applied negative voltage increases, the capacitance values saturate.

When the electron concentration in n-ZTN remains constant, an in
crease in the hole concentration in the doped ZTN reduces the depletion 
width. As the depletion width decreases, Vbi decreases, facilitating 
diffusion and drift for both holes and electrons. Therefore, the increasing 
RR values were caused by the increase in the hole concentration of the 
doped ZTN, leading to higher forward current flow under the same 
forward bias [68]. Notably, the main reason for GZTN samples with a Ga 
concentration of 20.0 at% exhibiting the highest RR value among all the 
samples was the far higher Fermi level gap energy between the n-type 
ZTN and GZTN, along with an expanded depletion width. Overall, the Al 
and Ga concentrations significantly affected the electrical characteristics 
of p-ZTN, influencing device performance. These results highlight that 

Fig. 5. Performance of p-n homojunction devices according to dopant concentration. I-V curves of (a) AZTN/n-ZTN and (b) GZTN/n-ZTN thin-film devices depicted 
in a linear scale. Insets are I-V curves of each device in semi-log scale to obtain the RR values. FE-SEM cross-sectional images of (c) AZTN/n-ZTN and (e) GZTN/n-ZTN 
thin-film devices. (d) Schematic of device structure with optical microscope image of top electrodes. C-V characteristics of (f) AZTN/n-ZTN and (g) GZTN/n-ZTN thin- 
film devices.
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both dopant concentration and type are critical for modifying 
ZTN-based semiconductors and optimizing junction diode performance, 
particularly because depletion-region dynamics play a crucial role. The 
findings further confirm the unprecedented achievement of a ZTN-based 
p-n homojunction device, demonstrating rectifying characteristics over 
a range of dopant concentrations. Such devices are particularly prom
ising for optoelectronic applications, including PV and PEC devices, 
where precise control of carrier concentration and rectifying charac
teristics is required. Moreover, by analyzing how Al and Ga concentra
tions affect material properties and device performance, we show that 
materials can be tailored to meet specific application requirements. This 
study is expected to drive groundbreaking advancements in 
nitride-based applications, bringing the field closer to fully realizing its 
potential.

4. Conclusions

In this study, we fabricated and characterized the first p-n homo
junction device using doped ZTN thin films synthesized by pulsed 
PECVD with varying Al and Ga concentrations. Al and Ga doping 
significantly influenced the electrical and optical properties, with Hall- 
effect measurements confirming p-type conductivity, featuring hole 
concentrations from ~1013 to ~1018 cm− 3 and mobilities between 1 and 
10 cm2/(V⋅s). Dopant-induced Zn and Sn interstitial defects contributed 
to enhanced p-type behavior, though the exact conduction mechanisms 
remain unclear. UV-Vis and UPS analyses showed that the dopant con
centration affected the bandgap (4.25–4.97 eV), work function, and 
Fermi level. This work demonstrates controlled p-type doping in 
amorphous ZTN, expanding its application potential and laying 
groundwork for future ternary nitride semiconductor devices.
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