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In this study, undoped ZnO (ZO), In-doped ZnO (1Z0O), and F:In co-doped ZnO (FIZO) films were
synthesized via ultrasonic spray pyrolysis (USP). The F:In co-doping strategy significantly
improved structural, optical, and electrical properties, enhancing their potential for opto-electronic
applications. / Bu ¢alismada katkisiz ZnO (Z0), In katkilt ZnO (1Z0) ve F:In es-katkili ZnO (FIZO)
filmleri ultrasonik sprey pirolizi (USP) yontemiyle sentezlendi. F:In es-katkilama stratejisi, yapisal,
optik ve elektriksel ozellikleri onemli olgiide iyilestirerek opto-elektronik uygulamalar icin
potansiyelini artirdl.
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Figure A: Schematic of the film deposition process (left), transmittance spectra (middle), and
change of electrical parameters (right) / Sekil A: Film biriktirme siirecinin semast (sol),
gecirgenlik spektrumlart (orta) ve elektriksel parametrelerin degisimi (sag)

Highlights (Onemli noktalar)

» F:In co-doping strategy significantly enhances the opto-electronic properties of ZnO
films. / F:In es-katkilama stratejisi, ZnO filmlerinin opto-elektronik ozelliklerini énemli
olgiide gelistirir.

»  FIZO films exhibit improved carrier concentration and lower electrical resistivity. / FIZO
filmleri, daha yiiksek tagiyict konsantrasyonu ve daha diisiik elektriksel ézdireng sergiler.

»  Optical transmittance (~83%) and wider band gap (3.32 eV) make FIZO films suitable
for opto-electronic applications. / Optik gecirgenlik (~%83) ve genis bant araligi (3.32
eV), FIZO filmlerini opto-elektronik uygulamalar igin uygun hale getirir.

Aim (Amag): To investigate the impact of F:In co-doping on the structural, optical, and electrical
properties of ZnO films and enhance their applicability in opto-electronic devices. / ZnO filmlerinde
F:In es-katlkilamanin yapisal, optik ve elektriksel ozellikler iizerindeki etkisini inceleyerek opto-
elektronik cihazlardaki uygulanabilirligini artirmak.

Originality (Ozguinliik): This study provides a comprehensive analysis of the effects of F:In co-
doping in ZnO films synthesized via USP, a rarely explored method, and demonstrates significant
improvements in opto-electronic performance. / Bu ¢alisma, literatiirde az ¢alisilan USP
yontemiyle sentezlenen ZnO filmlerinde F:In es katkilama etkilerini kapsaml sekilde inceleyerek
opto-elektronik performanstaki 6nemli gelismeleri ortaya koymaktadur.

Results (Bulgular): F:In co-doping altered the ZnO crystal structure, leading to enhanced
electrical conductivity and optical transparency. The carrier concentration in F1ZO films increased
11-fold, resistivity decreased to 1.65%107 Qcm, and optical transmittance reached ~83%. | F:In
es-katkilama, ZnO kristal yapisini degistirerek elektriksel iletkenlik ve optik gegirgenligi artirmistir.
FIZO filmlerinde tasiwici konsantrasyonu 11 kat artmis, dzdireng 1.65%107" Qcm’ye diismiis ve
optik gecirgenlik ~%83 ‘e ulasmustir.

Conclusion (Sonug): The findings confirm that F:In co-doping effectively improves the structural
and opto-electronic properties of ZnO films. With high transparency, enhanced conductivity, and
an optimized figure of merit, FIZO films present strong potential for photovoltaic, display, and LED
technologies. / Bulgular, F:In es-katkilamamn ZnO filmlerinin yapisal ve opto-elektronik
ozelliklerini etkin bir sekilde iyilestirdigini dogrulamaktadwr. Yiiksek gecirgenlik, artiriimis
iletkenlik ve optimize edilmis performans faktorii ile FIZO filmleri, fotovoltaik, goriintiileme ve LED
teknolojileri igin gii¢lii bir potansiyel sunmaktadur.
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Abstract

In this study, undoped ZnO, 3% In doped ZnO and 5% F: 3% In co-doped ZnO films were
successfully synthesized via ultrasonic spray pyrolysis. The study objective is to investigate the
changes in physical properties —especially opto-electrical- of ZnO films with F:In co-doping
strategy and thus contribute to developing high-performance materials for opto-electronic
devices. Structural analysis showed that obvious changes occurred in the ZnO crystal structure
with doping and the dopant atoms were successfully integrated into the ZnO lattice.
Morphological studies showed that 5% F: 3% In co-doped ZnO films exhibit a homogeneous,
nanostructured, and compact surface, with surface roughness being lower than undoped ZnO
films. Moreover, SEM images identified granular nanostructures in 3% In doped and 5% F: 3%
In co-doped ZnO films, which were attributed to the stabilization of grain boundaries by dopant
atoms, promoting a uniform structure. Optical analysis revealed that the 5% F: 3% In co-doped
ZnO film exhibited a transmittance of 83% in the visible region and a wider optical band gap of
3.32 eV compared to other films. Electrical characterization demonstrated that the carrier
concentration of ZnO films was 1.03x10% cm3, increasing markedly to 1.14x10® cm in 5% F
3% In co-doped ZnO film. Additionally, the resistivity of the 5% F: 3% In co-doped ZnO film
was detected at the lowest level of 1.65x10 Qcm. This data reveals the potential of 5% F: 3%
In co-doped ZnO films for advanced opto-electronic applications, including photovoltaic cells,
display technologies, and LEDs. Co-doping ZnO films with fluorine and indium emerge as a
promising strategy to enhance electrical and optical properties.

ZnO Filmlerin Optik ve Elektriksel Ozelliklerinin Diizenlenmesi: F ve In ile

Es-Katkilama

Makale Bilgisi

Oz

Aragtirma makalesi
Basvuru: 18/01/2025
Diizeltme: 04/03/2025
Kabul: 05/03/2025

Anahtar Kelimeler

Ultrasonik Sprey Piroliz
TCO Malzemeler

F:In Es-katkili ZnO
Optik Ozellikler
Elektriksel Ozellikler

Bu ¢alismada, katkisiz ZnO, %3 In katkilt ZnO ve %5 F: %3 In es-katkili ZnO filmleri ultrasonik
sprey pirolizi ile basariyla sentezlendi. Caligmanin amaci, F:In es-katkilama stratejisi ile ZnO
filmlerinin fiziksel 6zelliklerindeki (6zellikle opto-elektriksel) degisimleri incelemek ve bdylece
opto-elektronik cihazlar igin yiitksek performansh malzemeler gelistirmeye katkida bulunmaktir.
Yapisal analiz, katkilama ile ZnO kristal yapisinda belirgin degisimler meydana geldigini ve katk1
atomlarmin ZnO orgiisiine basariyla entegre oldugunu gostermistir. Morfolojik ¢alismalar, %5 F:
%3 In es-katkili ZnO filmlerinin homojen, nanoyapili ve kompakt bir yiizey sergiledigini, ylizey
piiriizliiliigliniin katkisiz ZnO filmlerinden daha diisiik oldugunu gostermistir. Dahasi, SEM
goriintiileri, katki atomlar1 tarafindan tane sinirlarinin stabilizasyonuna atfedilen ve diizgin bir
yapiy1 destekleyen %3 In katkili ve %5 F: %3 In es katkili ZnO filmlerinde graniiler nanoyapilari
tanimladi. Optik analiz, %5 F: %3 In es-katkili ZnO filminin goriiniir bolgede %83’liik bir
gecirgenlik ve diger filmlere kiyasla 3.32 eV’lik daha genis bir optik bant aralig1 sergiledigini
ortaya koydu. Elektriksel karakterizasyon, ZnO filmlerinin tastyici konsantrasyonunun 1.03x10%
cm oldugunu, %5 F: %3 In es-katkili ZnO filminde 1.14x10'® cm®’e belirgin bir sekilde arttigimi
gosterdi. Ek olarak, %35 F: %3 In es katkili ZnO filminin 6zdirenci en diisiik seviyede, 1.65x10*
Qcm’de tespit edildi. Bu veriler, fotovoltaik hiicreler, ekran teknolojileri ve LED’ler dahil olmak
lizere gelismis opto-elektronik uygulamalar i¢in %5 F: %3 In es-katkili ZnO filmlerinin
potansiyelini ortaya koymaktadir. ZnO filmlerinin flor ve indiyumla es-katkilanmasi, elektriksel
ve optik dzellikleri gelistirmek i¢in umut verici bir strateji olarak ortaya ¢ikmaktadir.
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1. INTRODUCTION (GIRiS)

Transparent conductive oxides (TCOs) play a
critical role in  numerous optoelectronic
applications, such as photovoltaic devices, high-
resolution displays, and LED technologies. Among
TCO materials, indium tin oxide (ITO) is the most
widely used, thanks to its exceptional combination
of high optical transmittance (~90%) and extremely
low electrical resistivity (~10* Qcm) [1]. Despite
these  outstanding  properties, the limited
availability, high cost, and environmental issues
associated with indium have driven the search for
alternative materials to replace ITO. In this context,
zinc oxide (ZnO) has emerged as a promising
candidate due to its affordability, environmental
friendliness, and comparable opto-electronic
performance to other alternatives.

ZnO, with its wide bandgap (~3.3 eV), is an n-type
semiconductor known for its excellent optical
transparency in the visible spectrum [2]. However,
the electrical conductivity of undoped ZnO is
inferior to that of ITO, primarily because its carrier
concentration ranges from 10 to 10° cm?,
whereas ITO typically achieves ~102t cm=3 [3]. This
limitation reduces its practicality in TCO
applications. To overcome this limitation, doping
ZnO with group Il elements such as aluminum
(Al), gallium (Ga) or indium (In) has been widely
investigated [4,5]. These dopants replace Zn?* ions
in the lattice, introducing extra electrons and
increasing the carrier concentration [6]. Notably,
In** ions (ionic radius: 0.80 A) are closer in size to
Zn>* ions (ionic radius: 0.74 A) than AI** (0.53 A)
or Ga** (0.61 A) ions, minimizing lattice distortion
and potentially enhancing carrier mobility [7].
However, excessive doping levels can lead to lattice
strain and ionized impurity scattering, which limit
electron mobility. Moreover, an overabundance of
free carriers may result in increased absorption,
thereby compromising optical transmittance [8].
Therefore, increasing the carrier concentration as
well as mobility is important to improve the
electrical properties of TCOs while maintaining
their optical performance [2]. Recent research has
revealed that co-doping ZnO with multiple elements
—both cationic (e.g., Al, Ga, In) and anionic (e.g.,
fluorine (F), chlorine (Cl))- can significantly
improve its opto-electronic properties [6,9-11].
Fluorine doping, in particular, offers unique
advantages. In this context, the F doping enables the
F~ ion to substitute in the ZnO lattice with minimal
lattice distortion due to its ionic radius (1.31 A)
being quite similar to that of 0% ion (1.35 A) [7].
Furthermore, F doping can effectively passivate
oxygen vacancies, reduce defect scattering, and

enhance electron mobility while maintaining high
optical transparency [12].

In previous studies, doped/co-doped ZnO films
have been synthesized using vacuum-requiring
techniques such as DC/RF magnetron sputtering
[9,10] and pulsed laser deposition [5] as well as non-
vacuum-requiring techniques such as sol-gel [13]
and spray pyrolysis [14-16]. For example, Nguyen
et al. utilized DC magnetron sputtering to fabricate
F:In co-doped ZnO (FIZO) films, reporting
substantial improvements in both electrical and
optical properties [8]. Their findings demonstrated
that F doping enhanced crystallinity, reduced lattice
defects (e.g., Vzn, Ozn, Vo'™), and increased carrier
concentration by 17-fold, along with a two-fold
increase in mobility. In the same study, it was
determined that FIZO films reached the lowest
resistivity value of 5.24x10~* Qcm with an optical
transmittance of 82%, highlighting their potential
for TCO applications [8]. In another investigation,
the sol-gel method was employed to synthesize ZnO
thin films co-doped with fluorine and indium [13].
Analysis of XRD patterns showed a strong
preference for the (002) crystal plane, while SEM
imaging displayed nanofiber structures around 500
nm in size. Increasing the doping levels of F and In
narrowed the optical band gap from 3.35 eV to 3.24
eV and reduced visible-light transparency from
75% to 60.8% [13]. In another study by Hadri et al.,
undoped ZnO, In doped ZnO (1ZO) and F:In co-
doped ZnO (FI1ZO) thin films were synthesized by
chemical spray pyrolysis technique at 350 °C and
the effect of F doping on some physical properties
was investigated [14]. Their findings revealed that
the (002) peak was dominant in XRD patterns, and
the (101) peak intensity increased with higher F
concentrations. The co-doped films exhibited 80%
optical transparency within the 400-800 nm
wavelength range, alongside a resistivity of
6.3x10% Qcm, and their electrical properties
improved significantly following annealing. These
results underscore the potential of FIZO films for
advanced opto-electronic applications, particularly
in solar cells and display technologies [14].
Therefore, co-doping ZnO with both cationic and
anionic dopants offer significant advantages: Group
Il cations (e.g., In®) contribute free electrons,
while anions such as F~ can passivate defects and
reduce scattering centers, thereby enhancing
mobility. Additionally, the deposition technique
plays a crucial role in minimizing production costs
and improving the scalability of TCO technologies.
From this perspective, the spray pyrolysis technique
is particularly appealing as a thin-film deposition
method due to its non-vacuum nature, low cost,
capability for large-area coating, and ease of control
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over experimental parameters. These advantages
make spray pyrolysis a widely preferred technique
for preparing co-doped zinc oxide films. However,
despite extensive research into various doping
combinations, studies on the effects of F:In co-
doping on the physical properties, particularly opto-
electrical behaviors, remain limited. Moreover, to
the best of our knowledge, only a few studies on this
topic utilizing spray pyrolysis have been reported in
the literature [13,14,17].

In this research, ZnO films, including undoped, 3%
In-doped, and 5% F:3% In co-doped samples, were
synthesized via the ultrasonic spray pyrolysis (USP)
technique. The study focuses on analyzing the
physical properties of these films in detail through a
co-doping approach. Specifically, this study aims to
optimize the carrier concentration and mobility
without compromising the optical transmittance. As
a result, the obtained data provide an experimental
basis for the development of F:In co-doped ZnO
films based opto-electronic devices.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

2.1. Deposition of Films (Filmlerin Biriktirilmesi)

In this research, zinc oxide films with undoped,
indium-doped and fluorine-indium co-doped were
synthesized via USP. Firstly, the microscope glass
substrates used for film deposition were cleaned.
The process was carried out by ultrasonicating with
detergent solution, deionized (DI) water, acetone
and methanol for 10 min each, followed by rinsing
in DI water after each step. After the cleaning
process, the substrates were carefully dried in an
oven, and the film deposition process was
subsequently conducted in two distinct stages. In
the first stage, in order to investigate the effect of
indium doping on the physical properties of zinc
oxide films, undoped and 3% indium doped films
were prepared. Spraying solutions were prepared by
dissolving 0.1 M indium (111) chloride (InCls; 98%,
Sigma-Aldrich) as the indium source and 0.1 M zinc
acetate dihydrate (Zn(CHs;COy)2-2H,0; >99.5%,
Merck) as the zinc source in DI water. The substrate
temperature was determined as 400°C and the
prepared spraying solutions were sprayed onto glass
substrates at a flow rate of 5 ml/min for 25 minutes
to obtain films. The spraying solution was
converted into droplets in the range of 10-60 um by
means of an ultrasonic atomizer. During the second
stage, co-doping with fluorine and indium was
implemented to further augment the properties of
ZnO films. Based on a comprehensive review of
literature and prior experimental results, the doping

levels were set at 3% for indium and 5% for
fluorine. To prepare a new spray solution, zinc
acetate dihydrate, indium chloride, and ammonium
fluoride (NH4F; >98%, Merck) were dissolved in DI
water at 0.1 M. The deposition process was carried
out under consistent conditions, maintaining the
same substrate temperature and flow rate as in the
initial stage. The deposited films were left to cool
naturally and were made ready for the
characterization process. The schematic diagram of
the USP thin film deposition technique used in this
study was presented in detail in our previous study
[18]. For clarity throughout this study, the films
were designated as follows: undoped ZnO was
labeled as ZO, 3% indium-doped ZnO as 1Z0O, and
5% fluorine-indium co-doped ZnO as FIZO.

2.2.Characterization of Films (Filmlerin
Karakterizasyonu)

The structural, surface and opto-electrical
properties of the synthesized films were
investigated by using various characterization
techniques. Structural analyses were performed by
using a PANalytical Empyrean XRD with CuK,
radiation (A = 0.15405 nm) and XRD spectra taken
in the 26 range of 20°-80°. For the investigation of
surface morphology and roughness, a Park Systems
XE 100 AFM operating in non-contact mode was
used. The average surface roughness (R.) was
calculated by XEI software over the scans of 5x5
um? area. For morphological analysis, surface and
cross-sectional images were obtained by a
HITACHI SU5000 FE-SEM; at the same time, EDS
spectra were taken to evaluate the elemental
composition. Furthermore, the cross-sectional
images provided the determination of the film
thicknesses. Optical analyses were determined with
Rigol Ultra-3660 spectrophotometer capable of
measuring in the wavelength range of 300-1000
nm, while electrical analyses were evaluated by Hall
effect measurements using  Nanomagnetics
ezHEMS system.

3. RESULTS (BULGULAR)

The structural features of the ZO, 1Z0, and FIZO
films were evaluated based on their XRD patterns,
as illustrated in Figure 1. A series of diffraction
peaks were detected, primarily within the 26 range
of 20° to 80°, with notable positions near 32.2°
34.8°, and 36.6°, among others. When compared
with the standard data provided by ICDD File No:
36-1451, these peaks were identified as belonging
to characteristic crystal planes of hexagonal ZnO,
including (100), (002), and (101). Additionally, all
peaks in the XRD patterns belong to the ZnO phase,
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with no diffraction peaks corresponding to any
secondary phases that might result from the dopant
atoms. Therefore, In and F dopant atoms may have
occupied the zinc or oxygen positions in the zinc
oxide crystal structure or be trapped in amorphous
regions at grain boundaries [19]. Previous studies
have reported that F dopant atoms tend to localize
at grain boundaries and surfaces with a high density
of dangling bonds, where they can passivate these
bonds [20]. As expected, the doped films displayed
diffraction features corresponding to the ZnO
crystal planes (100), (002), and (101). Slight shifts
in the 20 positions of these peaks were identified,
attributed to the effects of doping. As listed in Table
1, the 26 angles for these planes shifted to lower
values in In-doped 1ZO films, while in F:In co-
doped FIZO films, the angles shifted back to higher

values. According to Bragg’s law (d =A/2sin0), this
indicates that the interplanar distance (d) initially
increases with In doping in 1ZO films and then
decreases again with F:In co-doping in FIZO films.
Therefore, the shift of 26 to lower angles in the 1ZO
film is due to the larger ionic radius of In® (0.80 A)
than the ionic radius of Zn?* (0.74 A), supporting
the successful incorporation of In ions into the Zn
position [7]. On the other hand, the shift of 26 to low
angles in the FI1ZO film is due to the fact that the
ionic radius of F~ ion (1.31 A) is slightly smaller
than the ionic radius of 0> ion (1.35 A), indicating
that F ions successfully injected into the O positions
[7]. These observations are consistent with a recent
study by Nguyen et al., which reported similar
changes in structural parameters upon doping [8].
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Figure 1. XRD patterns of the deposited ZO, 1ZO and FIZO films (Biriktirilen ZO, 1ZO ve FIZO filmlerine ait
XRD desenleri)

Table 1 presents the structural parameters obtained
from the XRD patterns. For the calculations of the
texture coefficients (TC), crystallite size (D), micro-
strain (), lattice constants in hexagonal crystal
structure (a and c) and unit cell volume (V) of all
deposited films, the well-known equations: TC =
(I/16)/[1/N(X1/1p)], D = K4/Bcos®,
£ = BcotB /4, 1/d? =
4/3[(h? + hk + k?)/a?]+ (I*/c?), and V =
V3/2(a?c) were used, respectively [21,22]. From
the terms in these equations: | represent the intensity
of the specific diffraction peak, while I, denotes the
reference intensity obtained from the ICDD
database. The total count of diffraction peaks is
indicated by N. The shape factor, symbolized as K,
is assigned a value of 0.94. The X-ray wavelength
is expressed by A, and full width at half maxima is
referred to as f (measured in radians). Additionally,

the Bragg angle is denoted by & (in radians), and the
crystallographic directions are represented by the
Miller indices h, k, I.

As seen in Table 1, the ZO film exhibits the highest
TC value (1.99) for the (002) plane, indicating that
the crystals tend to grow along the c-axis
perpendicular to the substrate surface preferential
orientation. In contrast, 1ZO and FIZO films display
lower TC values (1.04/1.22 and 1.16/1.10 for the
(100)/(002) orientations, respectively), suggesting
dominant growth along these planes and higher
micro-strain, indicative of deformation in the crystal
structure. Particularly in the 1ZO film, the (100)
plane exhibits a broader g value (0.5402°), smaller
crystallite size (16.0 nm), and higher micro-strain
(8.17x107%). A study by Tubtimtae and Lee
attributed the adverse effects on crystallinity in ZnO
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films with high In doping concentrations (>2%) to
increased stress caused by the ionic radius mismatch
between Zn?* and In®** [23]. In the F1ZO film, while
F doping positively influences the crystallinity of
the 1Z0O film, the crystallite sizes (ranging between
17.5-19.0 nm) are smaller, and microstrain values
(6.04x10°° to 7.43x107%) are relatively higher
compared to the ZO film, indicating a lower
crystallinity level. These results suggest that F
doping partially stabilizes the lattice structure of the
1ZO film, leading to improved crystallinity. On the
other hand, previous studies reported that Al doping
in ZnO films significantly alters crystallite sizes due
to the ionic radius difference between Al and Zn,

whereas F doping causes less pronounced changes
in crystallite size due to the similarity between the
ionic radii of F~and O [6]. In conclusion, the XRD
results indicate that F and In dopant atoms not only
successfully integrate into the ZnO lattice but also
alter lattice parameters and crystal structure
characteristics. Furthermore, it can be inferred that
F doping in the F:In co-doped film partially
enhances the crystalline order and reduces crystal
defects compared to the In-doped film. These results
reveal that F:In co-doping is a potential tool to
improve the structural properties of ZnO-based
films.

Table 1. Key parameters obtained from the structural analysis of the deposited ZO, 1ZO, and FI1ZO films
(Biriktirilen ZO, 1ZO ve FIZO filmlerinin yapisal analizinden elde edilen temel parametreler)

Material | 26 (°) | d(A) | hkl BCE) | TC | D(nm) | ex102 | a(A) | c(A) | cla | V(AY
32.27 | 2.7714 | (100) | 0.4027 | 0.77 | 21.4 6.07

ZO 34.85 | 2.5719 | (002) | 0.4012 | 1.99 | 21.6 557 | 3.212 | 5.143 | 1.601 | 45.98
36.69 | 2.4473 | (101) | 0.4790 | 0.24 | 18.2 6.30
32.17 | 2.7796 | (100) | 0.5402 | 1.04 | 16.0 8.17

1ZO 34.83 | 2.5734 | (002) | 0.5151 | 1.22 | 16.9 7.16 | 3.219 | 5.146 | 1.598 | 46.19
36.62 | 2.4513 | (101) | 0.4714 | 0.74 | 185 6.21
32.27 | 2.7714 | (100) | 0.4929 | 1.16 | 175 7.43

FIZO | 34.85 | 2.5719 | (002) | 0.4699 | 1.10 | 185 6.53 | 3.213 | 5.144 | 1.600 | 46.00
36.68 | 2.4478 | (101) | 0.4590 | 0.74 | 19.0 6.04

Surface morphology alterations in ZO, 1ZO, and
F1ZO films were analyzed using AFM images, as
shown in Figure 2. From the AFM images, it can be
observed that all films exhibit nearly homogeneous
surfaces. Additionally, the bright and dark regions
observed across the surfaces correspond to peaks
and valleys, respectively, indicating the presence of
randomly distributed particles of varying sizes on
the surface. During the spraying process using an
ultrasonic nozzle, droplet sizes ranging between 10—
60 um contribute to such irregularities on the film
surfaces. As indicated in Table 2, the average
surface roughness (Ra) of ZO, 120, and FIZO films
was measured to be 13.5 nm, 8.6 nm, and 10.9 nm,
respectively. The roughness values indicate that the
ZO film has a rougher surface than the other films,
while indium doping significantly reduces surface
roughness and results in a more uniform structure.

However, in the F:In co-doped film, surface
roughness increased again. The variations in surface
roughness can be correlated with differences in
crystallite sizes (ZO= ~22 nm, 1Z0= ~17 nm,
FI1ZO= ~19 nm). Generally, films with rougher
surfaces, such as ZO, tend to have larger crystallites
due to reduced grain boundary density, which
allows grains to expand more easily. In contrast, the
smoother morphology observed in 1ZO films
suggests that grain growth is more constrained,
likely due to the lattice strain induced by indium,
which restricts atomic mobility. In F:In co-doped
films, the slight increase in roughness compared to
I1ZO indicates partial strain relaxation facilitated by
fluorine incorporation, leading to a moderate
increase in crystallite size.
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Figure 2. 3D-AFM images of the deposited films: (a) ZO, (b) 120, and (c) FIZO (Biriktirilen filmlere ait 3D-
AFM gorintdleri: (a) ZO, (b) 12O ve (c) FIZO)

Figure 3 shows SEM images taken at 100kX
magnification, providing additional insights into the
surface textures of the deposited films alongside the
AFM results. These SEM images confirm that the
films exhibit a nanoparticle-like, homogeneous, and
compact structure without any visible voids or
cracks across the surface. In ZO films, a surface
morphology consisting of randomly oriented grains
as well as regular and distinctly plate-like structures
is observed. In 1ZO and FIZO films, it is observed
that both In doping and F:In co-doping clearly
change the surface morphology and show a
transition from plate-like morphology to granular
nanostructures. Comparable results for indium
doped zinc oxide films fabricated by spray pyrolysis
have been highlighted in previous research by

YBU-MERLAB 10;0kV. 680 Msx100k SE(L) % . 5
Figure 3. SEM surface images at 100k X magnification and cross-sectional SEM images at 50k X
magnification (inset) of the deposited films: (a) ZO, (b) 1ZO, and (c) FIZO (Biriktirilen filmlere ait 100kX
biyutmeli SEM ylizey goruntileri ve 50kX biyitmeli kesitsel SEM goriintiileri (igine yerlestirilen): (a) ZO, (b) 12O ve (c)
FIZO)

Figure 4 presents the EDS spectra obtained to
perform elemental analysis of the deposited films.
As anticipated, strong signals corresponding to zinc
and oxygen elements were detected in all the films.
In the ZO film, the atomic percentages of zinc and
oxygen were measured at 52.2% and 47.8%,
respectively. In the 1ZO film, the atomic percentage
of In was determined to be 1.9%. For the F:In co-
doped FIZO films, the dopants were successfully
detected, with atomic percentages of In and F
measured at 1.0% and 0.6%, respectively.
Moreover, the ratios of zinc and oxygen elements in
all films were found to closely align with the
stoichiometric composition. Despite the low

Bharath et al. [24]. Additionally, film thicknesses
were calculated by averaging five different regions
of the cross-sectional images given in Figure 3 using
the ImageJ program. The inset cross-sectional SEM
images further illustrate the dense and continuous
structure of the films, with no visible gaps or
irregularities at the substrate-film interface. These
images also confirm that the films maintain uniform
thickness across different regions, supporting the
accuracy of the thickness measurements. The results
indicate that the average thicknesses of the ZO, 1Z0O,
and FIZO films were 1.08 um, 1.21 um, and 1.28
pm, respectively. The findings indicate that the
inclusion of dopant atoms increases the film growth
rate, resulting in thicker films.

concentrations of the dopant elements, their
successful incorporation into the films was
confirmed. The low incorporation of In and F into
ZnO films is primarily due to the inherent
limitations of the spray pyrolysis process. The
volatility of precursor compounds, incomplete
thermal decomposition, and diffusion rate
differences can reduce dopant retention in the film.
Fluorine, being highly volatile, may partially
evaporate before integrating into the ZnO lattice,
while indium incorporation is constrained by its
solubility limit in ZnO. Despite these factors, the
successful detection of dopants confirms their
presence in the film structure.
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Flgure 4. EDS spectra of the deposﬂed fllms (a) Z0, (b) IZO and(c) FIZO (Blrlktlrllen f|ImIere altEDS
spektrumlart: (a) ZO, (b) 120 ve (c) FIZO)

In Figure 5, optical transmittance spectra of the
deposited ZO, 1ZO, and FIZO films are given,
demonstrating that each film maintains a
transmittance of at least 80% across the visible
spectrum. According to Table 2, the undoped ZO
film exhibited an average transmittance of around
84% within the visible wavelength range. However,

100

this value decreased to ~80% with In doping (1ZO)
and then increased to ~83% with F:In co-doping
(FIZO). This variation in transmittance may be
attributed to light scattering at grain boundaries,
which can occur because of doping. Studies
conducted previously have noted comparable trends
in similar contexts [14,24].
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Figure 5. Transmittance spectra belonging to the deposited ZO, 1ZO, and FIZO films (Biriktirilen ZO, 1ZO ve
FIZO filmlerine ait gecirgenlik spektrumlari)

The optical band gap values of the deposited films
were determined using the well-known Tauc
method. This method, depicted in the (akv)? versus
hvgraphs in Figure 6(a—c), relies on the relationship
given by (ahv)? = K(hv— E,). In this equation, a
denotes the absorption coefficient, hvis the photon
energy, K is a proportionality constant, and Eg is the
optical band gap. Table 2 summarizes the optical
band gap values obtained through this method,
showing 3.23 eV, 3.28 eV, and 3.32 eV for ZO,
1ZO, and FIZO films, respectively. The observed
band gap widening in the 1ZO film is likely a
consequence of the increased carrier concentration,
which induces the Burstein-Moss effect—a

phenomenon that will be further examined in the
electrical analysis section. The band gap widening
is more pronounced in the FIZO films, which is due
to the additional free electrons introduced by F
doping, further enhancing this effect. Moreover, the
results align with data from prior studies, which
have also observed an increase in the optical band
gap when ZnO films are doped with In or co-doped
with F:In [15,25,26]. Such band gap expansion is
typically linked to the Burstein-Moss effect, as
noted in earlier works [15,19,25]. In addition,
localized states may occur within the band gap due
to crystal defects or doping atoms, and this may lead
to sagging at the band edges. The Urbach energy (Eu
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), which reflects the extent of band tailing at the
band edges, was calculated from the slope of the Ina
versus hv plot shown in Figure 6(d-f). This
calculation utilizes the well-known relationship
agexp(hv/Ey), where ao is a constant. Urbach
energy values were calculated as 75 meV, 82 meV
and 79 meV for ZO, 1ZO and FIZO films,
respectively (Table 2). In this context, it has been
observed that neither In doping nor F:In co-doping
leads to substantial changes in the electronic band
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irregularities of ZnO films. The slight increase in
Urbach energy, on the other hand, can likely be
attributed to the dopant-induced defect density,
which contributes to structural disorder and
enhanced carrier interactions. This observation is
corroborated by the micro-strain values obtained
from XRD analysis The findings suggest that the
optical properties of ZnO films are more effectively
enhanced through the F:In co-doping process when
compared to solely indium doping.
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Fig. 6. (a-c) Tauc plots and (d-f) Urbach plots of the deposited ZO, 1ZO and FIZO films (Biriktirilen ZO,
1Z0 ve FIZO filmlerine ait (a-c) Tauc grafikleri ve (d-f) Urbach grafikleri)

Electrical analyses of the deposited ZO, 120 and
F1ZO films were performed by taking Hall effect
measurements. Table 2 shows electrical resistivity
(o), sheet resistance (Rs), carrier concentration (N)
and carrier mobility (x) are summarized. In
addition, Figure 7 shows the trends observed in

these parameters for all deposited films. Hall effect
analysis confirmed that all films exhibited n-type
electrical conductivity. The n-type conductivity of
undoped ZnO is well-documented in the literature
and is attributed to donor defects such as oxygen
vacancies (Vo) and zinc interstitials (Zn;).

Table 2. Key parameters obtained from the optical and electrical analysis of the deposited ZO, 1ZO, and

FIZO films (Biriktirilen ZO, 12O ve FI1ZO filmlerinin optik ve elektrik analizlerinden elde edilen temel parametreler)

Material | T (%) | Eg(eV) | Eu(meV) | p(Qcm) | N(cm?®) | pu(cm?Vs) | Rs(Q/sq) | FoM (QY)
Zn0O 84 3.23 75 2.02x10° | 1.03x10Y7 29.18 1.87x10* 9.35x10°6
1ZO 80 3.28 82 7.57x101 | 3.17x10Y 12.35 6.26x103 1.72x105
FI1ZzO 83 3.32 79 1.65x101 | 1.14x10'8 25.62 1.29x10° 1.20x10*

As shown in Figure 7 and Table 2, the ZO film indicate fewer electron scattering centers,

exhibits a resistivity of 2.02 Qcm, a relatively low
carrier concentration (1.03x10Y cm™), and a
mobility of 29.18 cm?/V-s. The ZO films highest
crystallite size (21.6 nm) and lowest micro-strain
value (6.07x107°) observed in the XRD analysis

supporting its higher mobility. However, the low
carrier concentration limits its conductivity. In
contrast, the 1ZO film shows a significant decrease
in resistivity (0.757 Qcm) due to an increase in
carrier concentration to 3.17x10Y cm=3. This
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increase in carrier concentration is attributed to the
substitution of Zn?* ions with In** ions in the ZnO
lattice, resulting in additional free electrons being
introduced into the conduction band [15,27].
However, the mobility of the 1ZO film (12.35
cm?/Vs) is lower compared to the ZO film. This
reduction in mobility can be explained by the high
micro-strain (8.17x107?) and smaller crystallite size
(16.0 nm) observed in the 1ZO film, which increase
electron scattering, as noted in Table 1.
Furthermore, ionized impurity scattering, a
phenomenon commonly observed in doped films
due to high carrier densities, also contributes to the
reduced mobility. In the literature, Kathwate et al.
reported that at 4% In doping, the solubility limit of
In in ZnO is reached, leading to the formation of
scattering centers and an increase in resistivity [15].
However, in this study, a 3% In doping
concentration resulted in a significant increase in
carrier density and a decrease in resistivity. This
implies that In ions are homogeneously distributed
within the ZnO structure, enhancing conductivity
rather than forming segregations at grain

boundaries. Thus, the effects of micro-strain and
carrier scattering appear to depend on the doping
level and the distribution of ions within the ZnO
structure. The FIZO film proves the best electrical
performance, with the lowest resistivity (1.65x107!
Qcm) and the highest carrier concentration
(1.14x10® cm=3). This improvement can be
attributed to the substitution of Zn?* ions by In® and
O? ions by F~ in the ZnO lattice, creating additional
donor defects [8,14,28]. Previous studies have
reported that fluorine forms chemical bonds with Zn
interstitials, reducing intrinsic defects and
increasing carrier concentration [14,28]. Moreover,
the mobility of the FIZO film (25.62 cm?/Vs) is
higher than that of the 1ZO film, which has a lower
carrier density. This improvement is supported by
fluorine’s ability to passivate dangling bonds at
grain boundaries, reduce electron scattering, and
stabilize the crystal lattice by lowering micro-strain
(7.43x107%) [14,28]. Additionally, fluorine’s ability
to slightly increase the crystallite size (17.5 nm) and
promote a more homogeneous structure further
enhances its positive impact on mobility.
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Figure 7. Variation graphs of electrical resistivity, carrier concentration and carrier mobility of the

deposited ZO, 1Z0 and FIZO films (Biriktirilen ZO, IZO ve FIZO filmlerine ait elektriksel 6zdireng, tasty1ci
konsantrasyonu ve tastyict mobilitesi degisim grafikleri)

The figure of merit (FOM; ¢) value used in the
evaluation of the usability of the material as TCO
and suggested by Haacke [29] was calculated in
accordance with the equation ¢ = T1%/Rs. Here, T
is the average transmittance in the range of 400-700
nm and Rs represents the sheet resistance. The sheet
resistance values were determined as 1.87x10* Q/sq
in the ZO film, 6.26x10° Q/sq in the 1ZO film and
1.29x10° Q/sq in the FIZO film. In this context,
according to Table 2, FI1ZO films show the highest
FoM value at 1.20x10* Q !, with 1ZO and ZO films
following at 1.72x107° Q! and 9.35x10°° Q'
respectively. While the 1ZO films demonstrated
improved performance compared to ZnO in terms
of FoM, the FIZO film produced the best result,
making it the most suitable for opto-electronic
applications. These results indicate that F:In co-
doping significantly improves the electrical

performance of ZnO films. The FIZO films exhibit
the highest carrier density, lowest resistivity, lowest
sheet resistance, and highest FoM value, effectively
combining superior opto-electrical properties. The
findings emphasize the potential of FIZO films in
opto-electronic  technologies, with  specific
applications in energy harvesting and display
systems.

4. CONCLUSIONS (SONUCLAR)

In this study, the effect of F:In co-doping strategy
on the physical properties of ZnO films was
investigated comprehensively. The results reveal
that the co-doping approach has significant changes
on both structural and opto-electronic properties.
Structural analyses revealed that F:In co-doping
stabilizes the ZnO crystal structure and reduces
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crystal defects compared to In doping alone.
Morphological analyses showed that FIZO films
exhibit granular nanostructures and decreased
surface roughness compared to undoped ZO films.
In electrical analyses, it was found that the carrier
concentration in  FIZO  films increased
approximately 11-fold and reached 1.14x10% cm3,
and the electrical resistivity decreased to the lowest
level of 1.65x10°! Qcm. This improvement is
attributed to F doping, which passivates oxygen
vacancies and enhances carrier mobility, thereby
reducing electron scattering in the ZnO structure.
Optical analyses wrote down that FIZO films
optimize opto-electronic performance by achieving
high transparency (~83%) and relatively low sheet
resistance (1.29x10° Q/sq). The calculated figure of
merit (FoM) value of 1.20x10~* Q! confirms that
F1ZO films deliver the best performance for opto-
electronic devices. In conclusion, this study
provides a significant scientific foundation for the
potential use of FIZO films in technologies such as
photovoltaic devices, high-resolution displays, and
LEDs. The findings highlight the promise of F:In
co-doped ZnO films deposited via the USP
techniqgue—a rarely studied approach in the
literature—for low-cost, high-performance
transparent conductive electrodes and other opto-
electronic applications.
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