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In this study, (Zn,Sn)O thin films were synthesized and characterized for potential application as buffer layers in photovoltaic devices.
The films were deposited using thermal evaporation in a high-vacuum chamber, followed by a controlled oxidation process in a pure
oxygen atmosphere to achieve a ZnO-based oxide layer. Post-deposition annealing was conducted at various temperatures
(400°C-550°C) to enhance crystallinity and phase composition. X-ray diffraction (XRD) analysis confirmed the formation of a highly
crystalline Zn2SnOs phase, with the optimal structure obtained at 550°C. Optical characterization revealed a temperature-dependent
bandgap narrowing effect, significantly influencing transmittance and reflectance spectra. Electrical properties were assessed via Hall
effect and current-voltage (I-V) measurements, indicating an increase in carrier mobility and conductivity at higher annealing
temperatures. The charge transport mechanism in Ni~(Zn,Sn)O-pSi-Ni heterostructures was analyzed using the space-charge-limited
current (SCLC) model, revealing that carrier injection is the dominant transport process. The results demonstrate that (Zn,Sn)O thin
films exhibit superior optoelectronic properties, making them promising candidates for photovoltaic and optoelectronic applications.
Keywords: (Zn,Sn)O thin films; Photovoltaic applications; Thermal evaporation; X-ray diffraction; Optical properties; Electrical
transport; Hall effect; Charge carrier mobility; Heterostructures
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INTRODUCTION

The continuous advancement in photovoltaic (PV) technology demands the development of highly efficient and
stable materials for next-generation solar cells. Among various oxide semiconductors, Zn,SnOa4 (zinc stannate) thin films
have emerged as promising candidates due to their wide bandgap, excellent optical transmittance, and superior charge
transport properties [1]. These characteristics make Zn2SnQOj4 an attractive alternative to conventional buffer layers in PV
devices, potentially improving light absorption and charge carrier dynamics at the heterojunction interface. The
performance of Zn,SnO4 thin films is heavily influenced by deposition techniques, annealing processes, and
compositional tuning [2]. Thermal evaporation followed by controlled oxidation in an oxygen-rich environment enables
precise structural and electronic tailoring, enhancing their suitability for optoelectronic applications. Notably, post-
deposition annealing plays a crucial role in modifying crystallinity, phase composition, and defect states - factors that
significantly impact electrical conductivity and band alignment. Despite its potential, optimizing the electronic and optical
behavior of Zn2SnO4 remains a challenge, primarily due to the complex interplay between defect formation, charge carrier
mobility, and bandgap engineering [3]. This study systematically investigates the structural, optical, and electrical
properties of (Zn,Sn)O thin films, deposited via high-vacuum thermal evaporation and subjected to post-deposition
annealing at various temperatures (400°C-550°C). By employing X-ray diffraction (XRD), UV-Vis spectrophotometry,
Hall effect measurements, and current-voltage (I-V) analysis, we explore the impact of annealing on phase purity, carrier
transport, and optoelectronic performance. Additionally, the charge transport mechanisms in Ni-(Zn,Sn)O-pSi-Ni
heterostructures are analyzed using the space-charge-limited current (SCLC) model, providing deeper insights into carrier
injection and conduction behavior.

The findings presented in this work contribute to the ongoing efforts in semiconductor material optimization for
photovoltaic applications. By understanding the role of annealing and charge transport dynamics, we aim to establish
Zn2Sn04 as a viable buffer layer material, paving the way for enhanced light conversion efficiency and long-term stability
in solar cell architectures [2].

EXPERIMENTAL METHODOLOGY
The deposition of (Zn, Sn)O thin films was carried out in a high-vacuum chamber, where a controlled atmosphere
was maintained by evacuating air and subsequently introducing a precise mixture of argon and oxygen gases. In our
previous studies [4-6], we have employed this method to investigate the electro-physical and optical properties of both
pure zinc oxide and doped zinc oxide thin films. In this regard, various techniques, including physical methods such as
RF sputtering [7,8] and chemical approaches like spray pyrolysis [9,10], have been reported for the fabrication of ZTO
thin films. This study focuses on the thermal oxidation process, in which Zn-Sn thin films, deposited via thermal
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evaporation, undergo oxidation in a pure oxygen atmosphere, forming a ZnO-based oxide layer. The method was applied
to different substrates, including silicon, sapphire, and glass to evaluate the feasibility of fabricating heterostructures for
optoelectronic and photovoltaic applications.

The deposition parameters were optimized to ensure the formation of nanocrystalline ZnO thin films with a
preferential c-axis orientation, an essential factor in enhancing their optoelectronic and electrical properties. The substrate
temperature was maintained at 200°C and the working pressure of the Ar+O2 gas mixture was regulated at 2.3x10-2 Pa.
The thickness of the ZnO films, ranging from 1.5-2 pum, was precisely controlled using a quartz crystal thickness monitor
IC5) [5].

Following deposition, the films underwent post-deposition thermal annealing in air at different temperatures (400°C,
450°C, 500°C, and 550°C) for 2 hours to promote oxidation and improve crystallinity. The annealing process facilitated
the transformation of the Sn/Zn bilayer into a well-defined Zn2SnO4 phase while optimizing its structural, electrical, and
optical properties. The structural characterization of the annealed films was conducted using X-ray diffraction (XRD)
with Cu Ko radiation (A = 1.5406 A) to analyze the phase composition, crystallinity, and preferential orientation. The
average crystallite size was determined using the Debye-Scherrer equation. The optical properties were investigated
through UV-Vis spectrophotometry over a wavelength range of 200-1500 nm, measuring optical transmittance and
reflectance to determine the bandgap energy [11].

Electrical properties were characterized using Hall effect measurements and current-voltage (I-V) characterization.
The carrier concentration, resistivity, and Hall mobility were determined using a four-probe setup. The I-V characteristics
of Ni-(Zn, Sn)O-pSi-Ni heterostructures were recorded at temperatures ranging from 350°C to 550°C to evaluate the
diode behavior and charge transport mechanism [12]. The space-charge-limited current (SCLC) model was applied to
analyze carrier transport under high-field conditions.

These optimized fabrication and characterization methods ensure a comprehensive evaluation of (Zn, Sn)O thin
films for their potential use as buffer layers in photovoltaic and optoelectronic applications.

RESULTS AND DISCUSSION
X-ray Diffraction (XRD) Analysis of Sn/Zn Annealed at Different Temperatures
Figure 1 shows the X-ray diffraction (XRD) patterns of Sn/Zn bilayers annealed at 400°C, 450°C, 500°C, and 550°C
reveal significant changes in crystallinity, phase composition, and oxidation state as a function of annealing temperature.
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Figure 1. X-ray diffraction (XRD) patterns of (Zn,Sn)O thin films annealed at different temperatures (400°C—550°C)

The diffraction peaks correspond to key crystallographic planes of the hexagonal wurtzite ZnO phase, indexed as
(100), (002), (101), (102), and (110). At lower annealing temperatures (400°C and 450°C), the XRD spectra exhibit broad
diffraction peaks with lower intensity, indicating a lower degree of crystallinity and incomplete oxidation of the Sn/Zn
bilayer. The presence of metallic Zn and Sn peaks suggests that the oxidation process is still in progress. Similar results
were reported by R. Ramarajan et al. [13], where Zn, Sn, ZnO, and SnO phases were identified in as-deposited ZTO thin
films prepared using a comparable approach. However, the findings of our study demonstrate a distinct advantage due to
the simplicity and efficiency of the selected deposition methods, offering a more practical and scalable route for thin-film
fabrication. As the annealing temperature increases, the peaks become sharper and more intense, confirming an
improvement in crystallinity. At 500°C, most of the metallic Zn and Sn phases disappear, and at 550°C, a well-defined
ZnO phase is obtained with strong preferential orientation along the (101) plane.

This trend indicates that increasing the annealing temperature enhances the oxidation process and promotes the formation
of a stable ZnO phase. Using the Debye-Scherrer equation:

D = 0% )
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where D is the crystallite size, A is the X-ray wavelength (~1.5406 A for Cu K « radiation), P is the full width at half
maximum (FWHM), and 0 is the Bragg angle, an increase in crystallite size with higher annealing temperatures can be
inferred [14,15]. This suggests that thermal activation enhances grain growth, reducing microstrain and defect density
within the crystal lattice.

The transition from a mixed Sn/Zn phase to a highly crystalline ZnO phase at 500°C and 550°C has direct
implications for electrical and optical properties. At lower annealing temperatures, the residual metallic Zn and Sn phases
contribute to electrical conductivity, potentially leading to a mixed metallic-semiconducting behavior [16]. However, at
500°C and 550°C, the formation of a well-ordered ZnO phase with improved crystallinity enhances its semiconductor
properties, including a widening of the optical band gap (~3.2 eV) and reduced charge carrier scattering.

In summary, the XRD analysis confirms that annealing plays a crucial role in determining the structural and phase
composition of ZnO-based thin films. The optimal annealing temperature for obtaining a pure, highly crystalline ZnO
phase is 550°C, where a well-ordered wurtzite structure is achieved. This finding is essential for applications in
optoelectronics and photovoltaics, where high structural purity and crystallinity are required for efficient charge transport
and light absorption.

Figures 2 and 3 illustrate the transmittance and reflectance spectra of Sn/Zn thin films annealed at 400°C, 450°C,
500°C, and 550°C in air for 2 hours. Optical measurements were conducted in the 200—1500 nm wavelength range to
analyze how annealing influences the films light absorption, transmission, and reflection characteristics. Similar results
were obtained by Acharya et al. [17] for ZTO thin films fabricated using the co-evaporation technique. However, our
study highlights the effectiveness of vacuum thermal evaporation followed by annealing, providing a simpler and more
controlled approach for achieving high-quality (Zn,Sn)O thin films.

The transmittance spectra (Figure 2) demonstrate a systematic decrease in optical transmission with increasing
annealing temperature. At 400°C, the transmittance reaches a peak of ~85% in the near-infrared region (900—1500 nm),
but as the annealing temperature rises to 550°C, transmittance declines to ~65% in the same spectral range. This reduction
can be attributed to multiple factors: (i) a redshift in the absorption edge from ~370 nm at 400°C to ~410 nm at 550°C,
indicative of bandgap narrowing caused by increased carrier concentration and defect incorporation; (ii) enhanced optical
absorption due to improved crystallinity and the formation of Sn-rich secondary phases, which introduce localized
electronic states acting as additional absorption centers; and (iii) interference fringes in the spectra, suggesting variations
in film thickness and refractive index modifications as a function of annealing temperature. At shorter wavelengths
(200-500 nm), transmittance is significantly reduced, particularly for films annealed at 550°C, where it falls below 10%
at 250 nm, due to strong interband transitions.

The reflectance spectra (Figure 3) indicate a progressive increase in reflectance as the annealing temperature rises,
especially in the visible and near-infrared regions (500-1500 nm).
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Figure 2. Effect of annealing temperature on the optical Figure 3. Effect of annealing temperature on the optical
transmittance of Zn2SnO4 thin films reflectance of Zn2SnOs thin films

Reflectance values increase from ~10% at 400°C to ~25% at 550°C, with a more pronounced difference beyond
1000 nm. The observed reflectance enhancement is primarily driven by (i) increased surface roughness, which promotes
more diffuse scattering and reflection; (ii) higher free carrier concentration, leading to modifications in the dielectric
function and an increase in infrared reflectance due to free carrier absorption; and (iii) structural phase evolution, where
a transition from ZnO-dominated films to SnO»-rich compositions influences the refractive index and light interaction
properties. Notably, the reflectance spectra exhibit intersections at ~700 nm and ~1200 nm, indicative of transitions in
optical behavior correlated with phase evolution and carrier dynamics.

These findings confirm that annealing temperature plays a crucial role in tailoring the optical properties of Sn/Zn
thin films. Increasing the annealing temperature results in decreased transmittance and increased reflectance, primarily
due to bandgap narrowing, defect-induced absorption, and carrier concentration variations.
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Figure 4 illustrates the dependence of resistivity, carrier concentration, and Hall mobility on doping concentration
in (Zn,Sn)O thin films.
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Figure 4. Effect of Sn doping on electrical transport properties of Zn2SnO4 thin films

The electrical transport properties of Zn2SnO4 thin films, synthesized via vacuum thermal evaporation followed
by controlled annealing, were analyzed to understand the dependence of resistivity (€:cm), carrier concentration (cm™),
and Hall mobility (cm?/Vs) on Sn doping concentration (0-25 at.%).

The resistivity (p) variation follows the classical conductivity relation in semiconductors:

o = qnu, (2)

where o = 1/p is the electrical conductivity, q is the elementary charge, n is the carrier concentration, and u is the Hall
mobility [18]. The experimental data show a strong inverse correlation between resistivity and doping concentration up
to 10 at.%, indicating an increase in free carrier density. Beyond this, resistivity stabilizes, which suggests the onset of
ionized impurity scattering and compensation effects, as described by the Matthiessen’s rule, where multiple scattering
mechanisms contribute additively to the total resistivity.

The carrier concentration (n) increases with Sn doping up to 20 at.%, consistent with the Shockley-Read-Hall
(SRH) recombination model, where additional doping introduces donor levels that contribute free electrons to the
conduction band. However, at higher doping concentrations, a slight decline in carrier density suggests the formation of
compensating defects, such as Sn interstitials (Sn?*) or oxygen vacancies (V,), which act as deep-level traps, reducing
the effective carrier density. This behavior is characteristic of heavily doped semiconductors, where self-compensation
limits the maximum achievable carrier concentration [19].

The Hall mobility (i) initially decreases with increasing doping concentration due to ionized impurity scattering,
following the Brooks-Herring and Conwell-Weisskopf models [20], where mobility is given by:

T3/2
px Ngln(1+C/Ng)’ (3)
where N, is the ionized donor concentration, T is the absolute temperature, and C is a constant related to screening effects.

The decrease in mobility up to 15 at.% suggests that increased doping introduces Coulombic scattering centers,
degrading transport properties. However, at higher Sn concentrations (=15 at.%), mobility increases, which indicates a
transition to grain boundary-limited conduction, where improved crystallinity reduces carrier scattering at interfaces,
enhancing transport pathways. This phenomenon aligns with the Seto model, where grain boundary potential barriers are
mitigated at higher doping levels.

Impedance spectroscopy and hot probe measurements confirm that Zn,SnO4 remains an n-type semiconductor
across all doping levels, with a conduction mechanism primarily governed by ionized impurity and grain boundary
scattering. The observed trends highlight the role of doping-induced defect states, band edge modifications, and charge
compensation effects in determining the electrical transport properties of Zn,SnOy thin films.

Electrical Behavior and Transport Mechanisms in Ni-Zn2SnQ4-pSi-Ni Heterostructures

Figure 5 presents the temperature-dependent I-V characteristics of Ni- Zn,SnO4-Si-Ni heterostructures measured at
different annealing temperatures (350°C, 400°C, 450°C, 500°C, and 550°C). The logarithmic scale indicates variations
in current conduction behavior as a function of applied voltage, highlighting the influence of annealing temperature on
electrical properties. In heterostructures, a direct current (DC) flow occurs when the nickel electrode is connected to the
positive terminal, with the current being influenced by monopolar injection of charge carriers. This behavior is observed
in the logarithmic coordinate system of the volt-ampere characteristics (VAC), where the current-voltage curve displays
distinct linear, quadratic, and sharp increases in current, suggesting different conduction regimes. The presence of
monopolar injection indicates that charge transport is facilitated by electrons injected from the silicon side, with the flow
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being restricted by spatial charge traps within the dielectric material and at the dielectric-semiconductor interface. This
implies that in the Ni-Zn,SnO4-pSi-Ni heterostructures, the current is likely carried by electrons injected from silicon.
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Figure S. Temperature-dependent I-V characteristics of Ni-Zn2SnO4-Si-Ni heterostructures at the following temperatures:
1- 350 °C; 2- 400 °C; 3- 450 °C; 4- 500 °C; 5- 550 °C

The VAC of these structures reveals a three-part behavior: ohmic (I(U)), quadratic (I(U?)), and exponential increase
in current (I(U™+1)), where m > 2. The current flow from silicon is mainly attributed to the injection of electrons from
the silicon side into the Ni-Zn,SnO4 layer. The quadratic region in the VAC is expressed by the following relation for
monopolar injection [21]:

_ 9eudUu?

j =2 , (4)
where ¢ is the dielectric constant, p is the drift mobility, U is the applied voltage, d is the thickness of the layer, and 0 is
the injection factor.

With values of € = 8.3, 0= 12.0 cm?V-s,d=1 x 104 cm, J = 1.9 x 10-2 A/cm?, and U = 30 V, the injection factor
0 can be estimated as:

__ 8jad
T geuu?

=33x1075 . (5)

This low injection factor suggests the presence of high trap concentrations within the Zn2SnO4 layer and at the
Zn2SnO4-pSi interface. The trap concentration is calculated using the formula:

2eU

N, =2 : ©6)

which results in a value of Ny=3.82 x 10'® cm™ . Additionally, the trap depth can be estimated as:

_ le]"lNo
T = 50N, s @)

where N _r is the trap concentration. Based on this calculation, the trap depth is found to be E, = 0.45 eV.

When the nickel electrode is connected to the negative terminal, electrons are injected into the Zn2SnO4 layer, which
exhibits a high resistance. The VAC in this case shows linear characteristics on a In I and VU coordinate system, which
strengthens with increased temperature. This behavior can be explained by the Schottky barrier mechanism. To determine
the potential barrier height between Zn2SnO4 and Ni, the temperature dependence of VAC was studied. The potential
barrier height is calculated using the formula:

Io

¢p = —kTIn =% . ®)

The value of @3 is found to be 0.75 + 0.085 eV. Notably, the VAC shows Schottky characteristics up to 10 V, but
the current growth slows with increasing voltage, which might be related to tunneling effects or mixed conduction.

In the Ni-Zn2SnOs-Si-Ni heterostructures, when the aluminum electrode is connected to the positive terminal, the
current is determined by monoenergetic traps (with E, = 0.45 eV, N, = 3.82 x 10'® cm™). When the aluminum electrode
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is connected to the negative terminal, the main role is played by the Ni-Zn2SnOs4 interface, with the VAC explained by
the Schottky mechanism. This behavior is linked to the p-n junction formed between the Zn2SnO4 and p-Si layers, where
charge carrier motion is enhanced in the forward direction and significantly limited in the reverse direction. These
characteristics ensure the effective use of the heterostructure as a rectifier in electronic circuits, optoelectronic devices,
and photovoltaic systems [22].

CONCLUSIONS

In this study, the structural, optical, and electrical properties of (Zn,Sn)O thin films were systematically investigated
for their potential application as buffer layers in photovoltaic devices. The films were synthesized via thermal evaporation
followed by a controlled oxidation process in an oxygen-rich environment. Post-deposition annealing at varying
temperatures (400°C—550°C) played a crucial role in enhancing crystallinity and phase stability. X-ray diffraction (XRD)
analysis confirmed the successful formation of a Zn,SnO4 phase, with the optimal crystalline quality observed at 550°C.

Optical characterization revealed a bandgap narrowing effect with increasing annealing temperature, attributed to
enhanced carrier concentration and defect states. The transmittance spectra indicated a systematic decrease in
transparency, while reflectance measurements demonstrated an increase in optical scattering at higher annealing
temperatures, affecting the film’s light absorption properties — an essential factor in photovoltaic applications.

Electrical measurements, including Hall effect and I-V characterization, highlighted the impact of annealing on
charge transport properties. The carrier mobility and conductivity exhibited significant improvements at optimized
annealing conditions, with the space-charge-limited current (SCLC) model supports the conclusion that carrier injection
is the dominant conduction mechanism in Ni-(Zn,Sn)O-pSi-Ni heterostructures. Additionally, impedance spectroscopy
and hot probe measurements established the n-type conductivity of the Zn,SnO4 films across all doping levels, with
transport mechanisms primarily governed by ionized impurity and grain boundary scattering.

The findings demonstrate that (Zn,Sn)O thin films exhibit excellent optoelectronic properties, making them viable
candidates for integration as buffer layers in photovoltaic devices. The ability to tailor crystallinity, bandgap energy, and
charge transport characteristics through annealing and doping provides an avenue for optimizing their performance in
next-generation solar cells and optoelectronic applications. Further research should focus on doping-induced
modifications to refine defect engineering strategies and enhance charge carrier mobility for improved device efficiency.
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TOHKI IIJIIBKHA Zn:SnO4 IS ®OTOBOJIbTAIKA: CTPYKTYPHA ONITUMI3AIIISA TA AHAJII3 MEPEHECEHHS
3APANY
®@axpingin T. FOcynos, Toxipdek I. Paxmonos, lanaxon IIl. Xinipos, Illaxno3a IIl. AxmajaxoHoBa,
Kasoxipoex A. AxmajajiieB
Depeancokui nonimexuiunuil incmumym, @epeana, Ysbexucman

VY 1poMy JOCHIKEHHI CHHTE30BaHO Ta 0XapaKTePU30BaHO TOHKI IUIiBKH (Zn,Sn)O [isi MOTEHIIHHOrO BUKOPUCTAHHS SIK OypepHux
mapiB y poroBonpraiuHnx npuctposx. [LniBku Oynu ocakeHi METOIOM TEPMIYHOT'O BUIIAPOBYBAHHS Y BUCOKOBAKYyMHil kKamepi, a
MOTIM TMiAJaHi KOHTPOJIBOBAHOMY IPOILIECY OKHCIECHHS B aTMocdepi YUCTOrO KHCHIO s yTBOpeHHS ZnO-OKCHIHOTO Imapy.
[Micnstocamounuii Binman npoBoxuBcs NpH pisHuX Temmeparypax (400°C—550°C) mist mokpamieHHs KpHCTalidHOCTI Ta (ha30BOTO
ckiany. AHaniz peHTreHiBepkoi amdppakuii (XRD) minTBepauB ¢opMyBaHHS BHCOKO-KpHCTamiuHOi ¢asu Zn2SnO4, mpH IBOMY
onTHMalibHA CTPYKTypa Oyna nocarayra mpu 550°C. OnrtudHa XapaKkTepHCTHKA BHSBHJIA TEMIICPATypPHO-3aJISKHE 3BY)KCHHS
3a00pOHEHOT 30HHM, IO CYTTEBO BIUIMHYJO Ha CIEKTPU MPOMYCKAHHS Ta BijOMBaHHsS. EJNCKTpHYHI BIACTHBOCTI OLHIOBAIH 32
JIOIIOMOTOI0 BUMipIOBaHb eekTy Xoiuia Ta cTpyM-HanpyroBux (I-V) xapakTepucTHK, sKi OKa3ay 301IbIIEHHs] PYXJIMBOCTI HOCITB
3apsiy Ta eNEKTPOINPOBITHOCTI MPH MiABUICHUX TeMIepaTypax Bimmany. MexaHi3M MepeHeceHHs 3apsay B TeTepocTpykrypax Ni-
(Zn,Sn)O-pSi-Ni 0yB npoanaizoBaHuii 3a JOIOMOTOK MOJIETi CTpyMy, oOMexeHoro npocropoBuM 3apsiaoM (SCLC), mo BUsIBUIO
JOMiHYIOUI MpOoIecH iHKeKIil HOCIiB 3apsany. OTpuMaHi pe3ynbTaTH IEMOHCTPYIOTh, IO TOHKI IUIBKK (Zn,Sn)O MaroTh BiAMiHHI
OIITOENIEKTPOHHI BJIACTHUBOCTI, IO POOWTH IX MNEPCIEeKTHBHUMH KaHAWJAATaMH IS (OTOBONBTAIYHUX Ta ONTOEIEKTPOHHHX
3aCTOCYBaHb.

Kutouosi cioBa: (Zn,Sn)O monki nuieku; pomoenekmpuuni 3acmocysants,; mepmiyne GUNApo8y8anHsl, PeHM2eHIBCbKA OUPpaKyis;
onmuuni enacmugocmi; enekmpompancnopm, egpexm Xoana, pyxausicmo HOCIi6 3apsdy; 2emepocmpyKmypu



