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ABSTRACT

Zinc oxide thin films are successfully deposited using plasma-enhanced chemical vapor deposition (PECVD), representing a novel

approach for fabricating transparent conductive oxide (TCO) layers. The initial undoped ZnO film exhibits a polycrystalline struc-
ture with a pronounced (002) orientation and low optical absorptance. However, the electrical properties of the film are charac-
terized by high resistivity and instability, primarily attributed to its porous morphology. These limitations can be addressed by

incorporating aluminum-doped zinc oxide or indium tin oxide seed layers, resulting in enhanced and more stable electrical per-

formance. To demonstrate its applicability, this study reports the first successful integration of PECVD-grown ZnO film as a front-

contact layer in silicon heterojunction solar cells. The addition of seed layers boosts the solar cell efficiency by increasing the fill

factor through reduced series resistance. Despite the challenges with the initial film quality and the need to further refine the
PECVD conditions to optimize the device performance, this study offers valuable insights into the current limitations and future
potential of PECVD for TCO development. This lays the foundation for improving the PECVD process to produce high-quality

TCO, potentially establishing it as an alternative deposition method for next-generation photovoltaic technology.

1 | Introduction

Silicon heterojunction (SHJ) solar cells represent a promising
advancement in crystalline silicon solar cell technology for future
photovoltaic (PV) applications [1]. These cells, equipped with an
intrinsic amorphous silicon passivation layer, can achieve a high
open-circuit voltage (Voc) exceeding 750 mV, coupled with an
excellent fill factor (FF) [2]. A record-breaking power conversion
efficiency (PCE) of 26.81% was achieved by LONGi through the
incorporation of nanocrystalline silicon passivating contact
layers and optimization of both front and rear optics [3]. In addi-
tion to remarkable PCE, SHJ technology offers several advan-
tages for mass production in PV, including better temperature
coefficient, low manufacturing temperatures, and the utilization

of thin silicon wafers [4-6]. However, the low conductivity of
amorphous and nanocrystalline silicon layer hinders the efficient
collection of charge carriers by the electrodes. Consequently,
transparent conductive oxides (TCO) are essential in SHJ solar
cells, serving as the contact layers to facilitate efficient carrier
collection while maintaining high optical transparency [7, 8].
An ideal TCO for SHJ applications must combine high electrical
conductivity with excellent transparency across the visible spec-
trum to minimize electrical and optical losses [9, 10]. Magnetron
sputtering remains the predominant method for TCO fabrication
due to its high deposition rate and industrial scalability [9].
Nonetheless, alternative deposition techniques, such as atomic
layer deposition, rapid plasma deposition, and pulsed laser depo-
sition, have been explored to enhance film performance and
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processing flexibility [11-14]. Among various thin-film deposi-
tion techniques, plasma-enhanced chemical vapor deposition
(PECVD) remains underexplored for direct TCO deposition,
despite its potential advantages including excellent control over
dopant incorporation for tunable film properties [15].

Currently, the predominant sputtered TCO films are composed of
indium-based materials such as indium tin oxide (ITO), indium
zinc oxide (IZO), and Zr-doped indium oxide [14, 16-18].
However, owing to the limited availability and high cost of
indium resources, coupled with growing environmental and sus-
tainability concerns, there has been progressive development of
indium-saving TCO films [19]. These include ZnO- and SnO,-
based thin films [20-22]. ZnO is considered a promising TCO
material due to its natural abundance and favorable optical
and electrical properties [23]. ZnO films have been proposed
as substitutes for indium-based TCO in SHIJ solar cells, particu-
larly when doped with elements such as boron (B), aluminum
(Al), or gallium (Ga) [24-26].

In this study, we develop ZnO films deposited using a PECVD
system and investigate the fundamental properties of these films,
focusing on their electrical, optical, and microstructural charac-
teristics. Sputtered aluminum-doped zinc oxide (AZO) was used
as a reference to benchmark the performance of the PECVD-
grown films. Our initial findings indicate that the PECVD-
deposited ZnO films exhibit inferior performance compared to
the reference AZO, particularly in terms of their resistivity. To
address this limitation, we explored the use of seed layers
to enhance the film properties. Additionally, we demonstrate
the direct application of PECVD undoped ZnO on SHJ solar cells.
Although the current PECVD process underperforms in terms of
cell performance, the present results could lead to further inves-
tigations into PECVD TCO.

2 | Results and Discussion
2.1 | Properties of Undoped ZnO Thin Films

Table 1 summarizes the charge carrier concentration (n), charge
carrier mobility (1), and resistivity (p) of both the undoped ZnO
film and the sputter-deposited AZO, as determined through Hall
measurements using the van der Pauw method. It is well known
that undoped ZnO demonstrates n-type conductivity, which is
attributed to intrinsic defects such as oxygen vacancies (V)
and Zn interstitials (Zn;) [27, 28]. Our undoped ZnO film exhib-
ited a charge carrier concentration exceeding 10*° cm™, similar
to that of a typical TCO [9]. However, a significant difference
emerged in the charge carrier mobility; the undoped ZnO film
showed a low mobility of 2.3 cm?/Vs, which is substantially lower

TABLE1 | Charge carrier concentration, charge carrier mobility, and
resistivity of PECVD undoped ZnO and reference sputter AZO.

n, 10°cm™>  p, cm?/Vs  p, 103 Qcm
Undoped ZnO 1.5 2.3 16
Sputter AZO 2.0 17.1 1.8

than 17.1 cm?/Vs measured for the reference sputtered AZO.
Note that both films have similar thickness of ~100 nm.

It is known that the resistivity of film is governed by both n and u
which is shown in the following formula

This poor mobility observed in the undoped ZnO film translates
directly into a resistivity that is an order of magnitude higher
than that of the reference AZO. The substantial difference in
electrical performance highlights the immediate need to priori-
tize the enhancement of charge carrier mobility in the ongoing
development of undoped ZnO film via PECVD process.

In addition to electrical properties, optical properties are a pri-
mary characteristic for evaluating the TCO layer. As shown in
Figure 1, the optical transmittance and absorptance are depicted
within the wavelength range from 300 to 1300 nm. The undoped
ZnO film exhibited high optical transmittance exceeding 80%
with low absorptance, comparable to that of the reference
AZO film. Further ellipsometer measurements provided insight
into the density of the material via the refractive index. As a
material becomes denser, the light interacts more with its atoms,
causing the light to slow down, thus resulting higher refractive
index. The refractive index of the undoped ZnO film was consis-
tently lower than that of the AZO reference across the entire
measured spectral range. A refractive index in the 1.9-2.1 range
is generally considered indicative of a high-quality film whose
microstructure closely resembles dense, well-performed AZO
[29]. The deviation in the refractive index usually indicates
the presence of porosity in the undoped ZnO film [30]. By apply-
ing Maxwell-Garnett effective medium approximation (EMA)
from ellipsometer, where a reference sputtered AZO is used as
a model for dense ZnO, further analysis revealed that the
undoped ZnO film has a void fraction of 16.4%, explicitly con-
firming a certain degree of porosity. This is further substantiated
by X-ray reflectivity (XRR) analysis shown in Figure S1 and Table
S1, which determined the density of the undoped ZnO film to be
5.27 g/cm?, which is lower than the 5.54 g/cm® measured for the
sputtered AZO.

The refractive index and density information provided significant
motivation for a detailed examination of the surface morphology
of the films using scanning electron microscopy (SEM), atomic
force microscopy (AFM), and contact angle measurements, as
shown in Figure 2. The SEM images in top-view showed mor-
phology of undoped ZnO film, revealing an irregular shape char-
acterized by discontinuities and distinct voids between grains, a
feature previously noted in another PECVD ZnO study [31]. This
less dense structure differs significantly from that of reference
sputtered AZO, which possesses larger and denser grains.
Importantly, the presence of these voids and grain boundary dis-
continuities is expected to act as charge carrier scattering sites,
providing a plausible explanation for the poor charge carrier
mobility observed in the undoped ZnO film [32]. Further struc-
tural assessments confirmed the morphological distinctions; the
undoped ZnO film exhibited a higher root mean square rough-
ness of 4.3 nm, compared to 1.7 nm for the sputtered AZO. This
rougher morphology also impacted the film surface energy,
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FIGURE1 | Optical properties of undoped ZnO and sputter AZO thin films on glass substrate. (a) Spectral transmittance and absorptance measured
in the wavelength range from 300 to 1300 nm using UV-Vis-NIR spectroscopy. (b) Refractive index extracted from spectroscopic ellipsometry.
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FIGURE 2 | Surface morphology and wettability of undoped ZnO and sputter AZO thin films. (a) Top-view SEM images showing grain structure.
(b) Atomic force microscope surface topography used to determine surface roughness. (c) Contact angle measurements indicating surface wettability.

leading to hydrophilic characteristics (contact angle of 54°-56°),
in contrast to the hydrophobic sputtered AZO (contact angle of
106°-107°). We hypothesize that the combined high surface
roughness and internal porosity facilitate water molecules pene-
tration, resulting in undesirable hydrophilic behavior where
potential moisture-induced degradation is a concern for solar cell
applications [33].

Grazing incidence X-ray diffraction (GIXRD) was employed to
examine the crystal structure, as shown in Figure 3. Both films
exhibited diffraction peaks that could be indexed to the hexago-
nal wurtzite structure according to JCPDS 36-1451. The PECVD
undoped ZnO film demonstrated a strong (002) diffraction peak,
alongside smaller (100) and (101) peaks, indicating a polycrystal-
line structure with a highly preferred c-axis orientation, a char-
acteristic frequently reported for ZnO films grown via chemical
vapor deposition (CVD) [32, 34, 35]. Furthermore, no impurity
peaks were detected, confirming high phase purity. However,
the (002) peak intensity was lower than that of sputtered

sputter AZO
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undoped ZnO
H A

JCPDS 36-1451 | l )
10 20 30 40 50 60 70 80
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FIGURE 3 | XRD patterns of undoped ZnO and sputter AZO thin
films with JCPDS 36-1451 reference.

AZO, suggesting a lower degree of crystallinity in the undoped
ZnO film [36, 37]. The mean crystallite sizes, calculated from
the full width at half maximum (FWHM) of (002) peak using
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Debye-Scherrer’s formula, were determined to be 15.3nm for
undoped ZnO and 18.5 nm for sputtered AZO, further supporting
structural differences.

While the examination of the film properties of as-deposited
undoped ZnO film offers insights into its characteristics, its appli-
cation as TCO layer in SHJ solar cells requires an additional
annealing step when curing the screen-printed metallization,
which may alter its properties. Consequently, we subjected the
film to annealing under conditions analogous to the curing step
in SHJ fabrication process with an annealing in ambient atmo-
sphere in an oven at 170 °C for 40 min, with a focus on changes in
its electrical properties. As shown in Table 2, the electrical prop-
erties of the undoped ZnO film deteriorated significantly postan-
nealing. The charge carrier concentration decreased to 10'® cm™
which could be attributed to the annealing process in air, during
which oxygen species from the ambient can interact with the
undoped ZnO film and modify electrically active donor states,
including defect related to oxygen vacancies, as schematically
shown in Figure 4 [10]. Crucially, the porous nature of the
PECVD undoped ZnO likely exacerbates this effect by allowing
oxygen to readily penetrate the grain boundaries and bulk
through voids. At the same time, when the charge carrier con-
centration within a grain is low, the barrier height for carriers
to move through grain boundaries becomes high, leading to
reduced film mobility [38].

Overall, our study aligns with numerous previous reports indicat-
ing n-type conductivity in undoped ZnO film [27, 32, 39]. Several
studies employing various types of CVD, such as low-pressure
CVD, also report similar polycrystallinity with a pronounced dif-
fraction peak (002) at deposition temperatures as low as 140 °C
[27]. Although our PECVD undoped ZnO exhibits higher resis-
tivities compared to the well-established sputtered AZO, its elec-
trical properties surpass those reported in other CVD-based
techniques [31, 40]. Typically, low resistivity (<107 Q-cm)
ZnO-based film is achieved through CVD at elevated deposition
temperatures (>350°C) with thickness ranging from 200 to
1200nm [41]. However, our PECVD development, intended

TABLE 2 | Charge carrier concentration, charge carrier mobility, and
resistivity of PECVD undoped ZnO and sputtered AZO before and after
annealing.

3

n,10cm™>  p, cm?/Vs  p, 107°Q.cm

ad an ad an ad an

Undoped ZnO 1.5 0.09 23 06 16 1350
Sputter AZO 2.0 2.3 171 17.7 1.8 1.41

Abbreviation: an, annealed; ad, as-deposited.

o ........ o annealing

Oxygen vacancy

for use in SHJ solar cells, imposes constraints on deposition tem-
perature and film thickness. Despite these limitations, our anal-
ysis of the optoelectrical properties and microstructure revealed
that PECVD undoped ZnO remains suboptimal as a TCO layer in
SHIJ solar cells. Consequently, the primary focus of our ongoing
film development efforts must be to enhance charge carrier
mobility and improve film morphology to mitigate the harmful
effects of porosity and thermal instability.

2.2 | Application of Seed Layers

The previously developed suboptimal electrical and surface prop-
erties of PECVD undoped ZnO film necessitate a strategy to con-
trol the initial growth of film. To this end, we investigated the use
of thin seed layers to template the subsequent deposition, an
approach widely used to enhance the properties of ZnO-based
material [42-44]. In this study, we employed sputtered AZO
and sputtered ITO seed layers (each 13-15nm thick), followed
by the deposition of the undoped ZnO film ensuring total film
thickness of ~100 nm.

Hall measurements results demonstrate a significant enhance-
ment in the electrical properties of the undoped ZnO film when
deposited on seed layers, as shown in Figure 5. The films exhib-
ited a decrease in resistivity, shifting from 107> Q.cm range to
10~ Q-cm range. This improvement is directly attributed to a
substantial increase in charge carrier mobility, which rises from
2.3 cm?/Vs when deposited on bare glass to 18 cm?/Vs for films
deposited on seed AZO, and further to 24 cm?/Vs for films grown
on seed ITO. It is important to note that the mobility of the
respective thin seed layers, AZO and ITO, is 8 and 25.7 cm?/Vs,
respectively. Because the mobility of the AZO-seeded film sur-
passes both the seed layer and the unseeded film, there is a strong
evidence of the template effect. Here, the AZO and ITO seed layers
optimize the nucleation and subsequent growth of ZnO, facilitat-
ing an improvement of microstructure and carrier transport within
the bulk undoped ZnO layer. The lowest resistivity achieved was
1.4x10™* Q-cm, corresponding to an average sheet resistance
of <150 €/sq, which is sufficient for a front-contact TCO layer
in solar cell applications [45].

Crucially, the seeded TCO conferred more robust stability to the
electrical properties postannealing in air. While the charge car-
rier concentration of as-deposited TCO was in similar range
(1.1-2.1 x 10*° cm ™), the postannealing behavior differed signif-
icantly. As previously discussed, annealing in air causes a dra-
matic reduction in »n for the undoped ZnO film. In contrast,
both AZO- and ITO-seeded layers maintained n >10?° cm™ after
annealing. This resilience confirms that the seed layers

0,, 0, 0>

—

FIGURE 4 | Schematic illustration of annealing-induced changes in undoped ZnO thin films.
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FIGURES5 | Optoelectrical properties of undoped ZnO with seed layers. (a) Charge carrier concentration. (b) Resistivity. (c) Charge carrier mobility.

(d) Transmittance and absorptance.

effectively promote a denser film structure, which likely hinders
oxygen ingress and reduces the sensitivity of electrical perfor-
mance to ambient-induced defect modification. Regarding opti-
cal properties, the seeded TCO films maintained high
transmittance and low absorptance, as shown in Figure 5d.
Although the data are presented in as-deposited films, the optical
characteristics are representative as the annealed films demon-
strate similar properties.

We hypothesized that the enhanced properties are rooted in the
template effect of the seed layer, which governs the initial nucle-
ation stage and subsequent film growth. In the PECVD process,
DEZ and CO, were introduced into the reaction chamber. Under
specific deposition temperatures and plasma conditions, DEZ
molecules decompose, releasing Zn atoms, while CO, dissociates
to form reactive oxygen species such as O atoms, O,’, or OH rad-
icals [46, 47]. These Zn atoms and O species diffuse toward the
substrate surface, resulting in the formation of ZnO. The reaction
continued, facilitating the growth of the ZnO material. The seed
layer acts as an energetically favorable template, promoting uni-
form adhesion and growth, which leads to a more dense material
structure compared to the random nucleation and island forma-
tion observed on bare glass [47-49].

SEM top-view images of TCO with seed AZO (Figure 6a) reveal a
fine and more uniform arrangement of spherical grains with no
observable voids, unlike the unseeded film. It has been reported
that deposition on a seed layer results in denser and more uni-
form particulates that interlink [48]. However, the ITO-seeded
film displayed a leaf-like morphology with large grain features.

(b) Seed ITO + undoped ZnO

o | ] ; T T

FIGURE6 | SEM top-view images of PECVD undoped ZnO deposited
on different seed layers. (a) ZnO grown on sputtered AZO seed layer.
(b) ZnO grown on sputtered ITO seed layer.

It has been observed that multilayer TCO may have irregular sur-
face, likely due to different orientations of seed layers affecting
the growth of undoped ZnO film [50]. Overall, no observable
voids are present in either film, which appears denser than
the unseeded film. The refractive index for both seeded samples
improved, as shown in Figure S2, confirming a high-quality,
dense microstructure, which contrasts with the porous unseeded
film. In addition, the contact angle measurements demonstrated
a significant shift from hydrophilic behavior (54°-56°) to more
hydrophobic properties (92°-93°) for the seeded films as shown
in Figure S3.

GIXRD analysis shown in Figure 7 provided insight into the crys-
tallographic evolution when different seed layers are applied. The
seed AZO exhibited peaks at 34.4° and 62.9°, corresponding to

Solar RRL, 2026

50of 11

85UB017 SUOLILLIOD) SIS0 8|qealdde au Ag peusenob ae sojoie YO '8sN J0 S9N J0J Akeuq 18Ul UO 8|1 UO (SUONIPUOD-PUR-SLLBI D A8 | 1M Aleql 1 putjuo//:Sdny) SUOTIPUOD pue SWLS | 8U) 89S *[9202/20/62] U0 A%Iq1T8ul|uO AB|IM *JeILsD UoJessay HOWS Yo1ine wniusezsBunyosiod Aq TEKOL 110S/200T 0T/I0p/wW0d" A3 Im Ale.d 1 Bui|uo//Sdny woi) papeo|umoq ‘v ‘9202 'X86TL952



T T T T T T

seedITO+ 7

- (222) undoped ZnO-|

seed ITO

- seed AZO + 4
undoped ZnQ)]

l, (002) (103)
C n seed AZO

Intensity [a.u.]

undoped Zno:
Y NN, DN

20 30 40 50 60 70
2-Theta 26[degree]

FIGURE 7 | XRD patterns of undoped ZnO deposited with and with-
out seed layers. Diffraction patterns for the seed layers are given for the
references.

the c-axis orientation (002) and (103) planes, respectively.
Notably, the subsequent undoped ZnO layer exhibited a shift
in the preferential orientation to the (103) plane (peak at
62.9°), with the (002) peak largely suppressed. In contrast, the
thin seed ITO showed no visible peak, indicating an amorphous
phase; however, diffraction peaks emerged in the film after the
deposition of undoped ZnO. A small peak appeared at 30.5°, asso-
ciated with a preferred orientation along (222) found in In,Os,
according to JCPDS 06-0416 [43]. These peaks associated to dif-
ferent materials have been commonly reported in multilayer
TCO [42, 43, 50, 51]. More intriguingly, the low intensity
observed in our seed ITO suggests a low degree of crystallinity,
which is consistent with other reports [43, 50].

The (103) peak in ZnO-based film has been attributed to various
origins, one of which is the columnar growth crystalline grains
forming cone-like crests [52]. Another origin is a superficial layer
formed during deposition, where atoms diffuse more freely than
those located deeper in the bulk; this layer is influenced by depo-
sition temperature or the nature of substrate [37, 49].
Nonetheless, the direct impact of different crystalline phases
on charge carrier mobility remains unclear, as only a few studies
have addressed this issue. For instance, neither FWHM of (002)
or (103) diffraction peaks nor their intensity ratio determined
charge carrier mobility, but rather the surface morphology of film
[49, 53]. Another study also concluded that their ZnO film could
achieved high charge carrier mobility for films with varying crys-
talline phases [32].

In the analysis of the charge carrier mobility of TCO films, it is
essential to consider factors such as crystallite size and scattering
mechanisms [49]. Our GIXRD data did not indicate improved
crystallinity or larger crystallite size; thus, the notable enhance-
ment in charge carrier mobility in seeded TCO can be attributed
to scattering mechanisms. Scattering from grain boundaries, opti-
cal phonons, and ionized impurities is the predominant mecha-
nism that limits the transport of free electrons in degenerate TCO
[28]. First, ionized impurity is primarily influenced by the charge
associated with the formation of defect centers. As determined
from Hall effect measurements, the charge carrier concentration
in films was similar, we can infer a comparable number of defect
centers or ionized free carrier. Second, lattice vibrations in TCO

films are governed by temperature and give rise to phonons,
which would be scattered with mobile electrons [54].
However, this is unlikely to be a factor since the Hall effect meas-
urements were conducted under consistent conditions at room
temperature. Assuming that ionized impurity and lattice vibra-
tions effects are similar in our TCO films, the remaining grain
boundary scattering emerges as a crucial factor in charge carrier
mobility. In unseeded undoped ZnO with a porous film, numer-
ous electron trap sites at the grain interfaces create a potential
barrier that impedes carrier movement. Whereas in the seeded
TCO, a denser film structure without observable voids can mini-
mize scattering at grain interfaces and facilitating the free move-
ment of charge carriers via thermionic emission over barriers and
tunneling effects [55]. The increased mobility is thus a direct con-
sequence of the reduction in grain boundary scattering due to the
denser, more homogeneous microstructure templated by seed
layers.

Overall, we demonstrated the benefits of employing seed layers
to enhance the properties of PECVD undoped ZnO film. This
approach not only improved the charge carrier mobility,
thereby reducing resistivity, but also maintained its properties
postannealing. Through this approach, we demonstrate the
direct application of PECVD as a tool to deposit TCO layer
in SHJ solar cells.

2.3 | Plasma-Enhanced Chemical Vapor
Deposition ZnO as Transparent Conductive Layers
in Silicon Heterojunction Solar Cells

This section presents the first direct application of our developed
PECVD undoped ZnO film as a TCO layer in SHIJ solar cells, uti-
lizing the insights gained from the preceding thin-film character-
ization. Various TCO stacking configurations were employed on
the front side of SHJ structure, as shown in Figure 8a. The result-
ing current-voltage (I-V) performance data, including open-
circuit voltage Vo, short-circuit current density Jsc, FF, pseudo
fill factor (pFF), PCE 5, and series resistance Rg, are shown in
Figure 8b-f. Initial performance analysis revealed a noticeable
drop in V¢ for structure 1 (unseeded undoped ZnO), which
was 40-45 mV lower than that of the reference ITO-based cells,
as shown by the dashed line in Figure 8b. This is an unexpected
outcome, given that PECVD is generally regarded as a gentle
deposition process that minimizes substrate damage [15]. The
observed Vo deficit suggests that the PECVD process, in its cur-
rent state, adversely affects carrier selectivity or surface passiv-
ation layers. Quasisteady-state photoconductance (QSSPC)
measurements were performed on i/n precursor stacks through-
out the fabrication steps shown in Figure S4. While both sput-
tered ITO and PECVD ZnO induced an initial reduction in
effective carrier lifetime, their recovery behaviors after annealing
and light soaking differed significantly. Specifically, the PECVD
ZnO sample exhibited negligible recovery, indicating that the
deposition process caused permanent damage to the passivation
stack. As this represents a novel approach to fabricate TCO layer,
a comprehensive investigation is warranted to elucidate the
mechanisms of damage during PECVD process and to optimize
the process to mitigate these detrimental effects, which will be
addressed in a separate study.
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FIGURE 8 | Performance of SHJ solar cells with different front-side TCO stacks. (a) SHJ solar cell front side with different TCO layers, (b) open
circuit voltage, (c) short-circuit current density, (d) FF and pFF, (e) PCE, (f) series resistance. The dashed line indicates the reference SHJ solar cells with

sputtered ITO on both sides.

Structure 2 (AZO-seeded undoped ZnO) also exhibited a lower
Voe, consistent with our previous findings of sputter-induced
damage during AZO deposition [42]. Notably, structure 3
(ITO-seeded undoped ZnO) achieved V¢ comparable to the ref-
erence cell. This finding suggests that a thin ITO seed layer not
only templates the growth of the PECVD film but also serves as
an effective buffer layer that minimizes permanent damage
inflicted during the subsequent PECVD undoped ZnO process.

The excellent optical properties previously confirmed for the
undoped ZnO film were effectively translated into device perfor-
mance. Structures 1 and 2 demonstrated Jsc comparable to that
of benchmark ITO-based SHJ solar cells, achieving
Jsc >38.8mA/cm?, as shown in Figure 8c. A slightly reduced
Jsc is observed in structure 3, possibly due to additional reflection
at ITO/undoped ZnO interface and increased parasitic absorption.
Despite the high Jsc, the average PCE for structure 1 was 7%, sig-
nificantly lower than that of our reference cells with  ~23.3%. The
primary cause of this poor performance, in addition to the
Voc loss, was a low FF. The low FF in structure 1 is attributed
to a significantly high Rs, which dragged the average FF down
to ~25% (Figure 8d). As previously discussed, the unseeded
undoped ZnO film exhibited high film resistivity postannealing.
Accordingly, the advantage of employing seed layers is clearly val-
idated by the FF improvement. The average FF of structures 2 and
3 increased to 60.5% and 65.1%, respectively. The introduction of
seed layers effectively reduced Rs in SHJ solar cells, confirming a
direct correlation between film resistivity and device performance.

To gain further insights into Rg loss observed in solar cells, we
evaluated the contact resistivity using transfer length method

(TLM) from patterned structure of TCO/a-Si:-H contact similar
to our previous reports [8, 42]. As shown in Table 3, the unseeded
undoped ZnO/a-Si:H interface exhibited a significantly higher
contact resistivity compared to ITO reference structure, suggest-
ing that the interface resistance is the dominant factor contrib-
uting to the large Rg in undoped ZnO-based SHIJ cell. The strategy
of employing a seed layer to improve contact was partially suc-
cessful. While the ITO-seeded structure achieved pc as low as
833 mQ-cm?, this value remains an order of magnitude higher
than the reference cell. The origin of poor contact in undoped
ZnO is likely due to band offset potential barrier and the intrinsic
electronic properties of undoped ZnO film. First, the work func-
tion mismatches between n-type a-Si:H and TCO layers leads to
the formation of Schottky barrier at the interface which hinders
efficient carrier injection. While the work function of TCO can be
adjusted by increasing carrier concentration, at the current stage,
the introduction of dopants in our PECVD process is yet to be
established [56]. To investigate this further, temperature-
dependent Hall measurements in Figure S5 revealed a significant
increase in film resistivity with temperature, accompanied by

TABLE 3 | Contact resistivity of TCO/a-Si:H.

Contact resistivity

Solar RRL, 2026

TCO pc, mQ-cm?
Undoped ZnO 18147
Seed AZO + undoped ZnO 2471
Seed ITO + undoped ZnO 833
Reference ITO 87.5
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simultaneous decrease in both charge carrier concentration and
charge carrier mobility. This indicates that the carrier transport
in undoped ZnO is governed by thermally activated potential bar-
riers rather than degenerate tunneling. The depletion of carriers
at elevated temperatures suggests that the depletion region at
grain boundaries and TCO/a-Si:H interface is widened, causing
a bottleneck for the charge transport.

Overall, our most efficient SHJ solar cells, featuring seed ITO/
undoped ZnO film on the front side, exhibited Vo of 723 mV,
Jsc of 38.5mA/cm?, FF of 69.1%. These improvements are attrib-
uted to the reduced Rg resulting from lower contact resistivity
compared to unseeded TCO. Consequently, a PCE of 19.2%
was achieved. Despite the potential of PECVD-derived TCO,
future work needs to focus on critical pathways, mitigating
Voc degradation caused by the PECVD process and introducing
dopants into the film to improve the interface contact.

3 | Conclusion

In summary, we successfully developed a new route for preparing
a TCO layer using the PECVD process of undoped ZnO thin films
and investigated the film properties. The initial undoped ZnO
film exhibited high resistivity and instability during air anneal-
ing, which was attributed to its porous nature. However, we dem-
onstrated that utilizing AZO or ITO seed layers significantly
mitigated these issues, resulting in a denser film with improved
electrical properties. This work represents the first successful
demonstration of employing PECVD-fabricated ZnO as a front
TCO contact layer in SHJ solar cells. The feasibility of integrating
PECVD process into SHJ solar cell fabrication was confirmed,
and the advantages of using seed layers to improve film proper-
ties and consequently improve solar cell performance were
proven. Despite the challenges regarding the initial film quality
and the need to further optimize the PECVD conditions to maxi-
mize the device performance, this study provides valuable
insights into the current limitations and opportunities of
PECVD for TCO development. By focusing further research
on refining the process and fully understanding the ideal depo-
sition parameters, PECVD holds considerable potential to
emerge as a viable alternative method for producing high-quality
TCO with tunable properties for next-generation PV applications.

4 | Experimental Details

4.1 | Deposition and Characterizations of
Transparent Conductive Oxide Films

Undoped ZnO films were deposited via PECVD process using a
custom-built Von Ardenne system. Diethylzinc (DEZ,
(C,Hs),Zn) and carbon dioxide (CO,) were used as precursors
for zinc and oxygen, respectively. DEZ was stored in a steel cyl-
inder maintained at 35 °C. DEZ was introduced into the deposi-
tion chamber using a bubbler system carried by Argon (Ar) gas.
CO, and Ar gas flow rates were controlled using mass flow con-
trollers. We set the baseline deposition process under the follow-
ing conditions: substrate temperature of 200 °C, deposition
pressure of 10 Pa, RF plasma mode at 100 W power, CO, flow

at 8 sccm. The deposition was controlled to achieve a film thick-
ness of 100 nm. This baseline process allows us to obtain a film
with high transmittance and reasonable resistivity for SHJ appli-
cations. In addition, thin films (13-15 nm) of AZO and ITO were
prepared using magnetron sputtering technique as previously
reported in our studies [42].

In this study, TCO films were deposited on glass substrates
(Corning Eagle 2000). Spectroscopic ellipsometry (J.LA Woollam
Model M2000) was used to determined film thickness and to
obtained refractive index and Maxwell-Garnett EMA. The optical
properties, such as transmittance and reflectance spectra, were
measured in the range from 300 to 1300nm using a
ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrophotome-
ter (Lambda 950, Perkin Elmer). Additionally, charge carrier
mobility, charge carrier concentration, and film resistivity were
measured by Hall effect measurements with Van Der Pauw
configuration at room temperature using an in-house built setup.
For microstructural analysis, X-ray diffraction (XRD) patterns
were obtained using a Bruker D8 Advance diffractometer setup
in the grazing incidence XRD mode, while thickness and density
of the films were determined in XRR setup at the same diffractom-
eter. The surface morphology was observed using a scanning elec-
tron microscope (Zeiss 1550 VP) and surface roughness and
morphology were evaluated by AFM, using a FlexAFM by
Nanosurf [57]. The contact angle was measured using a Kriiss
Scientific instrument.

4.2 | Fabrication of Silicon Heterojunction
Solar Cells

To fabricate SHJ solar cells, n-type Czochralski silicon
wafers <100> from LONGi with a thickness of 135pm and a
resistivity of 1Q-cm were used. For each TCO stack, at least
two SHJ devices were prepared. Each device consisted of four
small subcells (19 x 19 mm?) fabricated on the same quarter of
a M2+ wafer (78 x 78 mm), as shown in Figure S6. The silicon
substrates were cleaned and etched to texture both surfaces.
Intrinsic and doped (p- and n-type a-Si:H) amorphous silicon
films were prepared by PECVD, covering both sides.
Subsequently, the rear ITO film (In,03/SnO, = 97/3) was depos-
ited via magnetron DC sputtering. Different TCO stacks were
applied to the front side, consisting of PECVD undoped ZnO, thin
AZO, and ITO, followed by PECVD undoped ZnO. Subsequently,
silver electrodes were fabricated on both sides using a screen-
printing process, followed by an annealing step at 170 °C for
40 min in an oven. Details of process steps to fabricate SHJ solar
cells could be found elsewhere [58, 59]. Light soaking treatment
was applied to the solar cells using GSOLA GLR-4Z [60]. Sinton
WCT-120 utilizing QSSPC and transient photoconductance decay
was used to measure the effective carrier lifetime of samples. The
I-V performance data were evaluated using a solar simulator
LOANA system from PV tools equipped with a Wavelab Sinus
220 light source under standard simulated AM 1.5G sunlight irra-
diance (100 mW/cm?, 25 °C), where Voc, Jsc, FF, PFF, 5, and Rg
were recorded. The PV parameters reported in this work corre-
spond to measurements performed on the individual subcells.
The reported values represent the mean value across the mea-
sured subcells, and the associated uncertainty corresponds to
the standard deviation. TLM was used to determine contact
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resistivity between TCO/a-Si:H. The TLM pattern was fabricated
on the same wafer besides the subcells, consisting of eight rect-
angular pads with length 0.2 cm and width 1 cm and a spacing
range from 0.5 to 11 cm, as shown in Figure S6. The contact resis-
tivity was determined by measuring the J-V between adjacent
pads under dark conditions and then extrapolating a linear
behavior.
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