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ARTICLE INFO ABSTRACT

Keywords: We report the development of a novel water-assisted growth ZnO (HZO) transparent conductive oxide (TCO)

Tco deposited by reactive d.c. magnetron sputtering in Ar/Oy/H20 atmosphere. Controlled water dosing acts as a

Zn0 . surface surfactant, promoting c-axis oriented columnar grains with enhanced crystallinity and superior carrier
:E;ﬁe;ﬁi transport properties. The HZO films exhibit high optical transparency across the visible spectrum (E; = 3.28 eV)
and low resistivity arising from degenerate conduction mechanisms. Electron mobility exceeds 30 cm?V~'s~! and

the carrier concentration is on the order of 10'° ecm™3, consistent with a Burstein-Moss blue-shift partially
compensated by band-gap renormalization.

Density Functional Theory (DFT) supports these findings, elucidating the electronic origin of the Fermi level
shift and the interplay between band filling and defect. When integrated as a front contact in Sb,Ses-based solar
cell, HZO matches or surpasses conventional ITO or aluminum doped ZnO contacts, improving short circuit
current (Js) and reducing series resistance due to enhanced light scattering and charge transport. In short, rather
than inserting an additional buffer layer, a single HZO layer can directly serve as the TCO, thereby eliminating
the free-carrier absorption often seen in ITO as well as the In/Al contamination issues commonly associated with
ITO- and AZO-based stacks.

The combination of environmentally friendly elements, scalable low-cost manufacturing, and exceptional
optoelectronic properties make HZO a promising next-generation TCO solution for sustainable energy
technologies.

1. Introduction

Transparent Conductive Oxides (TCOs) constitute a unique class of
semiconductors that combine two properties rarely found simulta-
neously in a single material: high optical transparency in the visible
spectral range and good electrical conductivity. These characteristics
make them indispensable in a wide variety of optoelectronic and energy-
related technologies, including flat-panel displays, light-emitting di-
odes, touch screens and thin film photovoltaics [1,2]. In the case of
photovoltaic devices, the front electrode must fulfil a dual role. On the
one hand, it should allow the incoming solar radiation to reach the
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active absorber layer without significant parasitic absorption, which
requires an average transmittance above 80-90 % in the visible range.
Such high transparency implies an electronic bandgap exceeding
3.0-3.1 eV, ensuring that photons in the visible spectrum do not pro-
mote interband transitions [3]. On the other hand, the front contact
must also serve as an efficient current collector, which translates into an
electrical conductivity on the order of 10* Sem ™! [4]. The simultaneous
realization of these two conditions is not trivial, since generally a large
bandgap oxide in its intrinsic state behaves as an electrical insulator at
room temperature (RT). This apparent contradiction can be overcome
by introducing sufficiently high levels of extrinsic doping. At moderate
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doping concentrations, donor impurities generate discrete electronic
levels just below the conduction band minimum. However, once dopant
concentration exceeds the Mott critical density, these donor states begin
to overlap and eventually merge with the conduction band. Under these
degenerate conditions, the Fermi level is pushed inside the conduction
band, and charge carriers occupy states even at thermal equilibrium.
The material thus exhibits metallic-like conductivity while preserving a
wide band gap. An additional optical consequence of degeneracy is the
Burstein-Moss (B-M) effect. [5].

The most common TCOs used for the fabrication of thin-film solar
cells are: Iny03:Sn indium tin oxide (ITO), SnO-:F fluorine tin oxide
(FTO), ZnO:Al aluminium zinc oxide (AZO) and CdySnO4 cadmium
stannate (CTO). ITO is widely used in industrial applications such as
plasma technologies, flat panel displays and solar cells [6]. Furthermore,
the intensive use of this material has raised concerns about its future
availability [7]. Another widely used TCO is zinc oxide (ZnO). The
doping strategy for this semiconductor involves Al. Composite targets of
AZO (Aluminum Zinc Oxide) consisting of (96—98) at% ZnO and (4—2)
at% Al,O3 are commonly used for the sputtering of thin film of AZO.
Since Zn is much more common on earth crust than In, the supply risk of
this material is significantly lower than ITO. However, standard AZO is
not free from critical drawbacks. The heavy extrinsic doping required to
achieve low resistivity increases ionized-impurity scattering, which can
limit the maximum attainable carrier mobility [8]. Furthermore,
Aluminum redistribution/diffusion has been reported during elevated
temperatures processing steps commonly used in thin-film solar cell
fabrication, Al atoms may migrate within the device stack and, in some
cases, reach the absorber layer, potentially introducing
recombination-active defects and degrading the junction quality. This
concern can motivate the insertion of protective High Resistivity Layers
(HRL) or more complex buffer stacks, increasing device architecture
complexity [9]. Consequently, developing a highly conductive,
intrinsic-like ZnO TCO that relies on structural ordering rather than
heavy extrinsic doping is of significant technological interest. The
overarching goal of this work is to replace conventional doped TCOs
(ITO, AZO, FTO) with a standalone, undoped ZnO-based electrode,
thereby avoiding extrinsic metal doping and mitigating concerns about
dopant incorporation/diffusion into adjacent functional layers. The
objective is reach by introducing an HyO-assisted growth ZnO (HZO), a
ZnO thin film grown by reactive d.c. magnetron sputtering in an Ar/O,
atmosphere with controlled HoO partial pressure. HZO exhibits high
optical transparency in the visible region of the solar spectrum, a wide
band gap (~3.3 eV), low resistivity and high mobility, making it suitable
for TCO applications. The figure of merit, defined as the ratio between
the very low frequency conductivity and the optical conductivity, will be
reported in the appropriate section, highlighting how this ratio assumes
a very high value, characteristic of a TCO that is highly transparent in
the visible light spectrum, and which simultaneously shows excellent
electrical conductivity.

The process begins with a zinc target placed in a sputtering chamber
where, in addition to the inert bombardment gas (argon), a controlled
partial pressure of oxygen and water vapor are introduced. This
approach is low-cost and easily scalable at an industrial level [10],
facilitating rapid commercialization. Although hydroxyl-mediated ZnO
growth has been previously reported using different deposition tech-
niques such as ALD, sol-gel and humidity-assisted physical vapor
deposition, where water mainly acts as an oxidant or surface modifier
[11,12], the present work differs in several key aspects. In particular, we
intentionally introduce H-0 as a controlled reactive species during DC
magnetron sputtering, enabling a surfactant-like growth regime that is
compatible with large-area and industrial processes [13]. Moreover,
unlike previous studies that primarily focused on qualitative improve-
ments in crystallinity or defect passivation, we establish a coupled
static-dynamic kinetic model supported by DFT calculations to identify
an optimal —OH surface coverage window. This framework allows us to
directly correlate growth chemistry with microstructure, carrier
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mobility, and device-level performance.

Cross-sectional TEM reveals vertically oriented ZnO columnar grains
with (001) preferred texture as confirmed by XRD. Electro-optical
characterization was performed through Hall effect and absorption
spectroscopy. The characterization has shown that the ZnO film
deposited by reactive sputtering under optimized parameters, exhibits a
non-uniform surface which leads to light diffusion (diffuse-fraction
proxy), as confirmed by optical measurements. To the best of our
knowledge, this specific morphology resulting from the reactive sput-
tering process has not been reported under comparable conditions.

Finally, we demonstrate device-level functionality by integrating
HZO as front contact in a SbySes thin-film solar cell and benchmarking
its performance against otherwise identical devices fabricated with
standard ITO. We report the photovoltaic parameters and rationalize
performance differences using the figure of merit (FoM). Both series of
solar cells were fabricated and tested in-house under identical process-
ing conditions [14].

In summary this work:

o Establishes a water-assisted reactive d.c. magnetron sputtering route
for ZnO (HZO) within a stable, scalable process window.

e Reveals a ZnO texture morphology (diffuse-fraction proxy) emerging
in sputtered films and evaluates its impact on TCO figure of merit.

e Demonstrates device-level performance in SbySes solar cells under
like-for-like processing against ITO.

2. Experimental section
2.1. TCOs deposition

An ITO-based transparent conductive oxide was deposited by DCMS
onto 1 in? soda-lime glass (SLG) substrates. Before deposition, the sub-
strates were cleaned in acetone and isopropyl alcohol solution and
subsequently sonicated for 10 min. The base pressure in the sputtering
chamber was 1.5 x 107 mbar.

The TCO stack consisted of two layers. The first layer was a 900 nm
ITO film deposited from a ceramic target composed of 90 % In-0Os and
10 % SnO:. The deposition was carried out in an Ar + Oz atmosphere,
where O: accounted for 2.5 % of the total gas flow. After the introduc-
tion of oxygen, the partial pressure in the chamber was about 10~® mbar,
while after the addition of argon the working pressure reached
103 mbar. During deposition, the substrate was heated to approximately
500 °C, and a power density of 1.75 W/cm? was applied, resulting in a
deposition rate of about 11 A/s.

The second layer was a 120 nm intrinsic ZnO (i-ZnO) film made by d.
c. reactive sputtering from a high-purity (99.999 % of purity) Zn metal
target. The process used a gas mixture of argon and 15 % oxygen, with
conditions like those for ITO. The substrate temperature was kept at 400
°C, the applied power density was 1. 56 W/cm?, and the film was
deposited at a rate of about 2. 2A/s. The i-ZnO layer served as a
transparent, high-resistivity oxide, finishing the TCO stack. HZO-based
TCO was deposited by sputtering onto soda-lime glass (SLG) substrates
equivalent to those used for the ITO-based TCO. The substrates were
cleaned following the same procedure described above. The structure
consisted of a 450 nm thick In2Os film, followed by a 1 pm thick HZO
layer.

For the Inz0s layer, the same deposition conditions as for the ITO
layer were employed, except for the applied power density, which was
set to 0.66 W/cm? Under these conditions, the deposition rate was
approximately 3.6 A/s.

For the HZO layer, the deposition was carried out at a substrate
temperature of 300 °C. The working atmosphere was obtained by
introducing 20 sccm of Ar, 3.5 sccm of Oz and 0.6 sccm of H20(g)
(starting from deionized water vapor 0.1 us/cm) into the sputtering
chamber, resulting in a total working pressure of 5 x 10~ mbar. The O:
flow corresponded to a partial pressure of about 8 x 10~° mbar, while the
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H20(g) flow contributed up to 9 x 10~° mbar. During this process, a
power density of 1.23 W/cm? was applied, yielding a deposition rate of
approximately 4.5 A/s.

Thicknesses of all layers were determined by measuring the deposi-
tion rate using a quartz micro-balance and the starting vacuum was
2 x 107® mbar for all depositions. We deposited HZO by RDMS, on
sapphire (cleaned as described above) for electro-optical measurements,
rather than on glass. As a reference we also deposited an intrinsic ZnO (i-
ZnO) film on sapphire using the same DCMS conditions as those
employed for the ITO-based TCO.

2.2. Solar cell fabrication

SbaSes based solar cells were realized in superstrate configuration,
where illumination occurs through the TCO substrate. To establish an
optimized interface for charge separation and transport a bi-layer buffer
consisting of CdS and Zng2CdpgS was deposited by r.f. magnetron
sputtering. The active absorber, SbySes, was then deposited by Close
Spaced Sublimation (CSS) of in Ar atmosphere. The heating stage
(Crucible-Substrate) is carried out after introducing an argon pressure of
800 mbar to avoid any undesired sublimation. The substrate is heated to
360 °C, while the crucible is heated to 525 °C. To ensure a good ther-
malization, the heating process takes one hour. The growth of antimony
selenide is performed under an argon back pressure of 0.1 mbar for a
total deposition time of 10 min. These parameters ensure a film thick-
ness of approximately 4 um [14].

On the rear side, an oxygen-rich FeSO (Fe-S-O) film was used to
improve hole extraction and simultaneously enhancing interfacial sta-
bility [10]. Finally, a gold layer was employed as metallic back-contact
providing a reliable and low resistance electrical pathway. Both the
Fe-S-O and Au layers were deposited by d.c. magnetron sputtering
under carefully controlled conditions.

Detailed information regarding the deposition parameters and pro-
cessing conditions can be found in our previous publications [10,14].

2.3. Device and film characterization

Optical, electrical, and structural characterizations were performed
to assess the properties of the individual layers and the complete
devices.

Optical absorption spectra of the TCOs (HZO and i-ZnO) were
measured with a Shimadzu UV-3600i Plus spectrophotometer in the UV
and visible light range with bare sapphire substrates as reference. The
double-beam configuration compensates for the substrate contribution
and instrumental baseline.

The HZO and i-ZnO films were analysed for electrical properties with
a Keithley Hall system using the van der Paw geometry. 50 nm thick gold
films were deposited by d.c. sputtering. The HZO and i-ZnO samples
were prepared defining the device area with a stencil-type mechanical
mask with a 6.5 mm diameter central hole and using an additional mask
with four 1.5 mm diameter holes arranged along the edge of the main
circle to geometrically define the contacts. This configuration was used
to ensure that each small contact directly touched the HZO film,
respecting as closely as possible the requirement imposed by the van der
Paw method of having point-like contacts at the boundary of the device
area. Hall effect measurements were performed in dark using a Keithley
Hall Effect System at different temperatures in the range 10-300 K and
by applying a 0.8 Tesla magnetic field perpendicular to the sample
surface to record the Hall voltage. This allowed us to derive the carries
density, their mobility and resistivity.

X-Ray diffraction data for i-ZnO and HZO was collected using a
Rigaku Smartlab XE diffractometer with parallelized CuK, incident
beam. The measurements were carried out in grazing incidence geom-
etry, with beam shaped into a 0.5 mm spot. A HyPix3000 detector was
operated in 2D mode to acquire out-of-plane scattering information
related to the texture of the sample. The 2D data were then integrated
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into a standard intensity vs 20 plot.

Transmission electron microscopy (TEM) experimental data were
collected in a spherical aberration corrected Titan Themis G2 200
(Thermo Fisher Scientific) (S)TEM equipped with an X-field emission
gun (FEG) operating at 200keV and 4k x 4k CETA16 CMOS camera
(Thermo Fisher Scientific). Cross-sectional TEM lamellae were prepared
by the focused ion-beam (FIB) technique using a ThermoFisher Scios 2
Dual Beam microscope (Eindhoven, The Netherlands) with EasyLiftTM
nanomanipulator. Plan-view lamellae were prepared by conventional
Ar-ion milling using Technoorg Linda ion miller. Energy dispersive X-ray
spectrometry (EDS) elemental maps were acquired with a “Super-X”
detector system built into the microscope column.

The current-voltage (J-V) characteristics of the Sb2Ses solar cell were
measured under simulated AM1.5 G illumination using a LOT-Oriel solar
simulator (Irvine, CA, USA), equipped with a 600 W xenon arc lamp. The
light intensity was calibrated with a pyranometer (LSI Lastem), whose
broad spectral response (285-3000 nm) ensured determination of the
integrated irradiance. To verify consistency with standard conditions,
the calibration was compared to the nominal AM1.5 G spectrum speci-
fied for the simulator. All measurements were performed at 25°C in
accordance with standard test conditions (STC). The short-circuit cur-
rent density (Js.), was determined using a calibrated shunt resistor
coupled to a Keithley 4200-SCS parameter analyzer (Solon, OH, USA).

Series and shunt resistances of the solar cell were extracted from the
illuminated J-V characteristics using a differential-resistance approach.
The differential resistance ry(V)=dV/dJ was calculated from the
measured J-V curves (with J in mA-cm’Z; after numerical smoothing to
reduce noise amplification in the derivative). Rsand Ry, were then ob-
tained by linear fitting of r4(V)in the high forward-bias region (close to
Voc) and in the low-bias region (close to Jy), respectively. The same
fitting windows and procedure were applied to all devices, and re-
sistances are reported as area-normalized values (Q-cm?).

EQE measurements were performed using a custom-built setup pro-
vided with a 50 W halogen lamp coupled with a monochromator (10 nm
bandwidth), The monochromatic beam was directed normally onto the
solar cell, and the photocurrent was measured with a Keithley 2400
source meter. The spectral intensity at each wavelength was monitored
with a calibrated Si-photodiode (Newport 818-vis) to account for the
wavelength-dependent lamp output. The integrated Jsc from EQE was
compared with the Jsc obtained from J-V curves to ensure consistency.

3. Result and discussion
3.1. Dynamic in sputtering glow discharge

We combine controlled H20 dosing and pulsed-d.c. sputtering to
grow HZO with strong crystalline orientation and micron-scale grains,
much larger than in conventional Oz-only reactive sputtering of ZnO.
Water tunes the surface -OH coverage into a narrow, surfactant-like
window that lowers interfacial energy and reduces nucleation density,
while pulsed d.c. (high frequency f, (low-moderate duty-cycle D) chiefly
stabilizes the discharge and decouples rate control from coverage con-
trol. In our implementation the pulse amplitude weakly depends on the
discharge-sustaining bias, so pulsing acts as a stability knob, and -OH
management drives the crystallinity and grain coarsening. To rationalize
the behavior at both the metallic Zn target and the growing HZO surface,
we built a coupled surface-kinetics and semi-empirical deposition rate
(DR) framework. This allows to link substrate temperature and plasma
parameters (power density, H20 fraction) to —~OH surface coverage and
DR during HZO sputtering. We use ~OH (hydroxyl) coverage, rather
than “OH-~,” which implies solvated anions, to indicate chemisorbed
hydroxyl species on the surface.

Our approach is based on two main models for the deposition pro-
cess. The static model predicts the steady state; here’s the static law with
an explicit y,,term [15,16]
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DR, (x, Pa) = K Ji(x, Pa) 21 (6. Pa) (=22 )? (1)

P min

where:

DR, is the deposition rate (1°\~s’1).

x: H20 fraction; unless noted, flow fraction x = Fyoo/Ftor (sccm/
sccm).

P4: power density at the target (Weem™2); P4,min is a reference value.

Ji: ion flux to the target/cathode (rn’2 s’l); estimated from discharge
conditions.

€ [0,1]: metallicity index, the fraction of metal-bearing flux (®y)
within the total reactive flux (®y; + ®ox) at the surface: yy = O/ (Pm +
q)oX).

K and b: process constants obtained by calibration.

Therefore DR, depends on:

(i) particle supply to the surface (J;)
(i) composition of that supply (r;,)
(iii) discharge intensity (Py).

Eq. (1) defines the maximum deposition rate DRoo as a function of
discharge and target surface conditions (metallicity). This steady-state
description does not consider the transient observed at the beginning
of the deposition process. For this purpose, we introduce a dynamic
formulation.

The dynamic model describes the evolution of the deposition rate
over time, DR(t), using a logistic function. The temperature dependence
of OH sticking is captured by this sigmoidal expression.

DR, — DRy

DR(t) = DRy +m

(2)

where:

DRy is the initial rate (Ks’l); K (s71) is the effective kinetic constant;
to (s) is the inflection time. The sigmoidal law captures target condi-
tioning and surface-site competitions: early-time changes in reactive
adhesion and metal/oxidant equilibrium produce a rapid increase that
saturates as the surface and discharge reach a conditioned steady state.

Having characterized the target-side power/conditioning that gov-
erns DR(t), we now turn to the substrate-side surface chemistry, -OH
sticking s(T) and coverage Oon. This model is governed by two key
equations: the dependence of the sticking coefficient (s) on temperature
(T) and the adsorption/desorption rate law of the —OH.

M 0 S Smin S Smax S 1 (3)
<T—T50>
AT
1+ exp

For low T, s(T) tends asymptotically to Spax.

For high T, s(T) tends asymptotically to Sp;n.

Ts is the mid-transition temperature, and AT governs its slope. We
bound the adhesion probability between spi, and syax, Which represent
the lower and upper asymptotic limits at high and low temperatures,
respectively. spax captures the maximum accommodation of ~OH on a
receptive surface, while sy, accounts for residual capture on a hot
surface. Both are dimensionless and constrained as 0 < Spjn < Smax < 1.
To physically ground the observed DR(t), we formulate a framework in
which target-side conditioning and transport (J;,y,,) set the rate, while a
Langmuir -OH sticking/desorption model [17] supplies the
substrate-side constraint on site availability. In this picture, the -OH
coverage 6ou(T, X, t) evolves as:

dfon
dt

With adsorption and desorption rates:

S(T)= Smin+

= kads(Tvx) (1 - 90H) - kdes(T) 90]—1 (4)
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[ T
kads(T7 X) = Tgeo OIP\I’(X) S( )

, kaes(T) = vexr>< Eaes > 5)

" ks Tk

Where x = Fyyp0/Fiot indicates the fraction of HyO in the discharge. If y
increases, the hydroxylating flux ®on(x) increases, consequently k,qs(T,
x) increases. Direct in situ quantification of —OH coverage is beyond the
scope of this work; 0oy is used here as a mechanistic descriptor consis-
tent with the experimentally observed process window. The relationship
between the hydroxylating flux in the gas phase and the adsorption of
—-OH on the substrate surface is expressed by ngeo, a dimensionless
parameter that expresses the capture efficiency which depends on the
geometric and transport conditions; in fact, this parameter takes into
account the line of sight/solid angle and the diffusion as a function of the
total pressure along the target/substrate distance. The density of surface
sites available for hydroxylation Ns (m?), defines the scale of the single
layer used for 6py. As a starting hypothesis, 6oy is considered constant
and it identifies the chemically active subset of the geometric sites of the
lattice. Surface crystallography gives us an order-of-magnitude estimate
of Ns ~ 10'° m~2 which is consistent with coverages of 2-10 ~OH /nm?>
(for the oxides); this gives a value of 8oy = 1 for the single layer fixing
the coverage scale for the ~-OH.

Eq. (2) admits a closed-form solution (for initial coverage 6y) [18,
19].

Oon (T, x,t) = Ocq(T.x) + [0 — Oeq(T,x)] exp(—t/7(T,x)) 6)
where the steady state and characteristic timescale are:

kads 1
_ads = 7
kads + kdes € [07 1]7 T(T’ X) kads + kdes ( )

Ocq(T,x) =
Here 6¢q(T,X) = Kags/(Kads+Kdes) is the steady-state -OH coverage where
adsorption balances desorption, and T(T,x) = 1/(Kadst+kdes) is the
relaxation time constant; after one t the deviation |079eq| is 1/e (=
37 %), and the convergence to the steady state is ~ 95 % complete
within ~ 3.

The pulsed plasma parameters (flow and adhesion) and the target-
side power density are therefore translated into the fraction of sites on
the substrate/film surface occupied by ~OH that controls nucleation, i.
e., the actual growth rate and crystallinity of HZO. This model addresses
the competition between adsorption and desorption of the —~OH species
by providing both the steady state coverage, used to identify the model-
estimated operating range (0.2-0.5 ML). Direct in situ quantification of
—OH coverage is beyond the scope of this work; 6oy is used here as a
mechanistic descriptor consistent with the experimentally inferred
process window, and the time-transient dependence on steady state
growth. This description provides the missing link between growth rate
and surface kinetics, avoiding over-hydroxylation and stabilizing the
species composition on the HZO film surface under pulsed d.c. condi-
tions. Langmuir kinetics, Eqgs. (1-7), directly describes the family of
8ou(T) curves. The adsorption rate Kads(T,X) = ngeo Pon(x) s(T)/N;, at
fixed pressure and geometry, decreases with T because s(T) is limited
and decreases with temperature. The desorption rate, however, kqes (T)
= v exp (-Eges)/(kpTx) increases with T. The ratio state 8eq(T,X) = Kads/
(kadstkdes) establishes the steady state, which decreases monotonically
with temperature. At constant temperature, by changing x, the fraction
of Hy0, the curves shift upward (®on(x) = higher kags = higher 6¢).
The power density variations, even with increasing reactive flux, have
the same qualitative trend. The band between the red dashed lines
(0.2-0.5 ML) shows the model-predicted coverage region in which
nucleation is abundant without over hydroxylation. The intersection of
the curves with the red dashed lines indicates an optimal temperature
range between 300 and 350°C. Therefore, this is the ideal temperature
window that allows an effective nucleation site density for enhanced
crystal growth.

In Fig. 1(b) the static 4+ dynamic model is highlighted: DR, is
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Fig. 1. (a) steady-state prediction from Egs. (1

7) of the ~OH coverage as a function of the absolute temperature; (b) transient behavior of the deposition rate (DR)

as a function of time at fixed sputtering power and H-0 fraction (x) (equilibrium between target and film/substrate conditions); (c) Resistivity of HZO films as a

function of H=0 flow fraction x = Fz0/Frot, measured for samples deposited at fixed substrate temperature T = 300

°C and fixed sputtering power density P =

1.23W/cm?. The curve highlights a well-defined optimum x range, supporting a narrow H.0 dosing window.

obtained from the static part, in fact, within the operating window, the
increase in power density P4 with a relative increase in the value of yy
lead to an increase in DR,,. Going from 20 to 30 W, reported with the
corresponding P4, the deposition rate increases depending on a modest
increase in J; and with an attenuation of the target oxidation which
causes an increase in yy. The dynamic model shows a time trend towards
steady state conditions: with P4 =30 W and x = 2.4 % at 60 min
deposition, DR, = 10 /o\/s, more than double the value obtained with Pq4
= 20 W. Furthermore, the static scale indicates that further increasing
the power can trigger an instability drift in yy, while remaining within
acceptable values. Considering a balance of these effects, the optimal
ranges for HZO growth is 300-350°C for temperature, 20-25 W for
power and x = 1.5 % - 3.0 % for the percentage of HyO. These condi-
tions preserve 0oy € [0.2, 0.5] ML stabilize yy and allow the production
of HZO films of high crystalline quality and avoid over hydroxylation or
metal drifts.

The presence of a moderate amount of -OH on the surface of the
growing film acts as a surfactant by reducing the free energy at the film/
substrate interface and thus increasing surface mobility. The increased
surface diffusion length reduces the nucleation density by promoting
lateral coalescence of crystalline grains, which results in the production
of much larger grains for the same film thickness compared to a ZnO film
deposited under the same conditions, but in the absence of H;O. HZO
films grown under optimal conditions have an average grain size of

approximately 2 um, while ZnO films grown without intentional H,O
have grains of approximately 20 nm.

An approximately hundredfold increase in grain size yields an ~10*
reduction in island density, consistent with N«1/L2, where L is the mean
lateral grain size and N the areal island/grain density.

This behavior suggests that between 300 and 350 °C, the surface
diffusion barrier decreases, allowing for faster surface diffusion. High-
quality films were obtained only when the surface coverage of -OH
was maintained within a narrow window. Outside this range, the
microstructure deteriorates:

- with too few —~OH groups, numerous reactive sites remain, activating
excessive nucleation and nanoscale grains.

- with too much -OH, steps and island edges become passivated,
weakening adhesion and suppressing crystallization and texture
development.

Within the optimal window, —-OH does not directly affect the DR;
instead, it modulates grain growth, explaining the higher crystallinity
and coarser grains observed in HZO compared to water-free ZnO.

Additionally, we can explain how pulsed d.c. influences target sta-
bility, where high frequencies control transients and arcs, and average
power aligns with peak power, affecting the deposition rate primarily
through set d.c. flux and metallicity index. With a small pulse width (AV
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= 15-20 V and Vdc= 3 00 V; AV<<Vdc), the pulsed d.c. regime acts
primarily as a stability control mechanism on the target side. Higher
frequency suppresses restrike transients and arc formation, and the duty
cycle functions to translate peak power into a controlled average power;
consequently, DR(t) is predominantly governed by the set d.c. flux J; and
the metallicity index yy, with only modest changes in average rate
induced by pulsing. On the substrate side, the sheath potential is set by
Vdc, so a narrow rectangular pulse introduces only minor perturbations.
The time-averaged hydroxylation dose, and hence the —OH coverage
Ooms, is controlled predominantly by the fraction x of HoO and the sub-
strate temperature T, with a weak direct dependence on the pulsing
frequency. The effect of electrical loading scales approximately with D-
(AV/Vdc) and is generally negligible under these conditions. In practice,
operating within the model-estimated 6oy € [0.2, 0.5] ML regime by
adjusting x and T results in a mobility and consistency like those of
surfactants (coarser and better HZO oriented crystalline grains), while
the deposition rate remains determined by yy and Jj. In short, with
AV«Vdc, the pulsed mode stabilizes the discharge, while managing
—OH (via x and T) determines crystallinity, clearly separating rate con-
trol from microstructure control. To verify that the H.O-assisted growth
is governed by a finite process window, we varied the H20 flow fraction
X = Fugo/Fii(here x ~ 1.26%-3.29%, with F5, = 20sccm and Fop =
3.5sccm) at fixed substrate temperature (T = 300 °C) and sputtering
power density (1.23 W/cm?). Resistivity shows a clear dependence on x,
with a minimum at intermediate dosing (Fig. 1(c)). These trends support
an optimal H20 dosing window consistent with the proposed kinetics-
driven growth modification.

3.2. TCOs characterization

3.2.1. Optical measurements

The absorption spectrum of the novel TCO material is presented in
Fig. 2(a) together with the one related to a film of intrinsic ZnO as
reference. The low optical absorption in the visible range (1.6-3.1 eV)
confirms the excellent transparency, a key requirement for application
in solar photovoltaics. Tauc plot (following the baseline subtraction
process indicated in [20,21]) analysis indicates that the band gap of
HZO (3.28 eV) is approximately 20 meV higher than i-ZnO (3.26 eV).

Although this difference is close to the typical uncertainty of such an
optical method, the result is consistent with the hypothesis of a B-M
effect. As noted below, Hall effect measurements were performed
independently to determine the carrier concentration, thus providing a
more solid basis for evaluating the contribution of the B-M shift.

An integrating-sphere haze setup was not available; therefore, we do
not report an absolute haze factor. Instead, we estimate a diffuse-
fraction proxy from optical spectra, which captures relative forward-
scattering trends. To estimate the wavelength-dependent diffuse-frac-

1x10° T
—i-ZnO

—— HZO
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tion proxy S(A) in both samples we employed the model proposed in [22,
23]:

Tsp—id (ﬂ) - Ttot (l)

Tor) ®

S(4) =
where Ty (1) is the measured total transmittance and Ty,_4(4) is the
ideal specular transmittance.

The latter is estimated by considering a plane-parallel film on a
substrate, including the Fresnel reflections at the interfaces:

Tsp—id(ﬁ) = (1 —Rl)(]_ _RZ)efad (9)

where () is the measured absorption coefficient, d is the film thickness
and R; and Rj, are defined as:

Ry = <nﬁzm - nair>2;R2 _ (nsub - Tlﬁlm>2 10)
Nilm + Nair Ngyp + Nfiim
with ngm = 2.0 (refractive index of both i-ZnO and HZO) and ny; =
1.76 (refractive index of the sapphire substrate) [24,25].

The average fraction of diffused light over the measured spectral
range was then obtained as:

_ 1 &
S=% > 8() an

where N is the total number of the spectral points.
The relative difference in optical diffusion between the HZO and i-
ZnO was quantified as:

[Siz0 = Szol _ 0y, (12)

i—-Zn0

ASy, = 100-

We stress that S(4) is a proxy derived from spectra (not an absolute
haze measurement), and it is used here to compare scattering trends
between samples.

This value indicates an enhancement of light scattering in the HZO
likely induced by the HoO presence during the sputtering process. Such a
light-trapping phenomena, effectively increase the optical path length of
incident photons within the absorber layer of the solar cell. Conse-
quently, the probability of photon absorption increases, especially in the
spectral range near the absorber’s band edge, where the absorption
coefficient is high. This effect is expected to contribute to an increase in
short-circuit current density (Js.) and thus could potentially improve the
overall photovoltaic conversion efficiency.

3.2.2. Electrical measurements

In order to study the charge transport mechanism, Hall effect and
resistivity measurements were performed, that reveal degenerate

1 L

5 x.lo‘ll)
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Fig. 2. (a) absorption coefficient of HZO (red) and i-ZnO (blue) as a function of the photon energy (eV); (b) Tauc plots for direct allowed transitions for HZO (red)

and i-ZnO (blue) with the extrapolated E, values.



S. Pasini et al.

transport in HZO and thermally activated/hopping conduction in i-ZnO.
These differences can explain the optical band gap shift via the B-M and
band gap renormalization effects. From Fig. (3a) it can be observed that
resistivity remains nearly constant as a function of temperature in HZO
(the experimental error on the resistivity is on the order of 5 %),
consistently with a metallic-type conductivity. This conclusion is also
supported by the nearly temperature-independent Hall effect data.

In contrast, the i-ZnO sample, Fig. 3b shows a thermally activated
conduction in all the temperature range. At high temperature a linear
dependence of In(p) versus 1/T is observed with activation energy of
(26.31 + 1.48) meV. This behavior may indicate conduction via either
extended states or nearest-neighbor hopping [26]. For conduction via
extended states, the donor is modelled as a shallow hydrogenic defect.
The corresponding donor level exhibits an activation energy of
approximately 45.2 meV, as obtained from the well-established relation:

Ey = Ey(H) (’") ! a3)

my 63

where m* is the effective electron mass (m* = 0.24 my), &, (equal to 8.5)
is the relative dielectric constant, and E,(H) denotes the Rydberg energy
of the hydrogen atom for n =1 [27,28]. The significant discrepancy
between experimental activation energy and the value predicted by the
hydrogenic model suggests that the high-temperature conduction
mechanism in i-ZnO is not governed by extended states transport but is
rather dominated by nearest-neighbor hopping.

However, such a difference could also indicate the formation of
localized states at the bottom of the conduction band (CB) and the
widening of the fundamental donor state into an impurity band (IB), so
that the minimum distance from IB and CB bottom is significantly lower
than the depth of the ideal fundamental state of the hydrogenic donor.
However, mobility was found very low, as typical of hopping transport,
and measurable only at RT.

At low temperatures, however, a different transport mechanism
prevails. The data in the temperature range between 100 K and 12.5 K,
(Fig. 3b), were fitted using the analytical equation:

y=mx‘+q 14

where y = In(p) and x = 1/T. The exponent a shows a value of (0.208

+ 0.063), which is in good agreement with the value of " consistent
with the Mott law:
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BN

T
p(T) = poexp | — (7) (15)

Here Tm is the characteristic temperature, expressed as

18

Tn=——
KN (E)E

(16

where ¢ is the localization length of the wavefunction.

This consistency indicates that within this temperature range, the
conduction mechanism, is governed by Variable-Range Hopping (VRH)
transport mechanism [29-32].

The slope (m) of the fit allows the determination of the characteristic
temperature (Tm ~ 39.36 K). By combining Tm with the localization
length of the wavefunction &, it is possible to extract key physical
quantities [33]. These include:

o the electronic density of localized states available for hopping near
the Fermi level N(Ep):

N(Ep) ~ 2.46 - 10*2 eV~ lem™ a7

o the spatial separation between sites that participate in the hopping
process R:

R ~5.64T Y*nm 18)

o the energy required for charge carriers to overcome the energy
mismatch between neighboring localized states w:

W =~ 0.054-T>*meV 19)

In disordered oxide semiconductors, and in polycrystalline or
nanocrystalline ZnO films, the localization length associated with tail
states can extend over several tens of angstroms due to structural dis-
order, granularity, and the presence of defects [34,35]. Experimental
studies on ZnO nanocrystal films have further shown that the localiza-
tion length can be determined via VRH fitting, assuming values on the
order of a few nanometers [36,37]. Therefore, for the VRH conduction
analysis in the present work, we adopt a realistic value of & ~ 6 nm,
consistent with the range commonly reported in the literature for ma-
terials with strongly granular microstructures [35,36].

The chosen value of the localization length ¢ is consistent with
physical expectations. An estimation of the density of centres partici-

Resistivity [Qcm]

E,=(26.31 % 1.48) meV

(b)
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Fig. 3. Resistivity as a function of 1/T for (a) HZO and (b) i-ZnO. Note the different vertical scale. In (a) the variability of the resistivity remains within the

experimental error. The red lines in (b) represent the data fitting.
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pating in the hopping mechanism (N), expressed as [30]:

—3 -1
N= (4’? ) ~ 410" cm? (20)

is found to be of the same order of magnitude as the free carrier
density determined from Hall effect measurements, supporting the
plausibility of the assumed &.

Table 1 reports the results at Room Temperature (RT) extracted from
Hall measurements for both HZO and i-ZnO.

The Hall effect measurements provide the carrier density, which can
be used to estimate the B-M shift in the optical gap, justifying the dif-
ference in energy gap between the two samples shown in Fig. 2(b). In the
case of a degenerate semiconductor (HZO sample), the difference be-
tween the optical bandgap due to band filling and the intrinsic bandgap
is expressed as follows:

n2(3n2n)*°

AEpy =
BM 2m;

(21

where 7 is the reduced Planck constant, n is the free electron density,
and m*. is the electron effective mass (0.24 mo for ZnO). From the
experimental data in the table, the energy difference referred to the B-M
effect is estimated to be about 171 meV, and this value turns out to be
much larger than the measured increase in the optical gap. It is impor-
tant to note that the gap extracted from Tauc analysis should be regar-
ded as an apparent optical onset, which in degenerate and/or disordered
ZnO can be affected by band-tail states (Urbach tails), disorder broad-
ening and band nonparabolicity. Therefore, the measured AEgis not
expected to match AEgyalone, but rather the net shift AE,.
= AEpy —AEggr (plus tailing/non-parabolic corrections).

Furthermore, the optical band gap of a degenerate semiconductor
can be expressed as [38]: Eg optical = Eg + AEpm — AEpgr

In the case under study, the optical gap increase is ~ 20 meV,
compared with a calculated B-M shift of ~ 171 meV. This discrepancy
(~151 meV) is attributed to the Band Gap Renormalization BGR effect.
The BGR energy consists of two contributions: one related to the
Coulombic interaction, expressed as [38,39]:

1
2 3
¢ (ﬁ) ~82 meV 22)

AE; = —
¢ 4reoeegy \ T

and an excitonic contribution following the Wannier-Mott model
[40,41]

pe

AEyy = ————
WM 2(4ﬂ€0€eff)2h2

~ 68 meV (23)

An effective dielectric constant of 5.82 was used, obtained as a
weighted average between the static (€9 = 9) and optical (€, = 3.7)
values, reflecting the polar nature of ZnO (approximately 60 %) [42]
and p is the reduced mass calculated from m*. = 0.24 my and m*y
= 0.59 mg [43-45]. By summing these two effects, a value of approxi-
mately 150 meV is obtained, which is in good agreement with the
experimental observation. Thus, the observed AE,is consistent with a
Fermi-level shift scenario (Burstein-Moss) largely compensated by BGR,
with the apparent optical onset additionally influenced by tai-
ling/nonparabolicity. Moreover, the lattice disorder in i-ZnO samples
localizes energy states near the conduction band edge (weak Anderson

Table 1

Main results of Hall effect measurement at RT.
RT values HZO i-ZnO
p [Q-cm] 3.94.107° 2.83-1071
plem?v-1ts1] 32.37 0.59
n [em~3] 4.89-10%° 3.76- 10'°
krl 2.73 0.04
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localization), reducing the effective contribution of carriers to band
filling. The product between the Fermi wavenumber kr and the mean
free path [ is a dimensionless figure of merit widely used to identify the
metal-to-insulator transition in metal oxides [46]:

krel= (24)

Physically, the dimensionless product kr e [ compares the mean free

path [ to the Fermi wavelength Ar. For ks ¢ I > > 1, electrons propagate
as extended Block states and Drude model can be applied. When kg o 1
~ 1, scattering is so frequent that electrons lose phase coherence within
one wavelength, leading to the onset of Anderson localization and
insulating behavior. According to this rule, known as the Ioffe-Regel
criterion [47], conduction trough Block states become invalid when ky o
[ < 1.From Table 1 kr o [ = 2.74 for HZO and 0.04 for i-ZnO, confirming
that HZO behaves as a degenerate semiconductor, while i-ZnO lies deep
in localized regime, consistent with its smaller optical band gap.

3.2.3. Structural characteristics

Fig. 4 shows the XRD patterns of the i-ZnO and HZO samples. In both
cases, the same crystal growth planes are observed (vertical blue dashed
lines), while the additional unassigned peaks are attributed to the InpO3
buffer layer deposited on glass, which acts as a barrier against sodium
diffusion from the substrate.

Moreover, the two XRD patterns exhibit a significant variation in the
intensity of the reflections of the crystal planes. To quantify this varia-
tion and identify the preferential growth plane, the texture coefficient
(TC) was calculated in both cases, defined as [48,49]:

TCw =7"—— Ta/ T

-100 (25)
Z Ihikili /Igfk,l,
i=1

Here I} represents the experimental height of the peak intensity of the
n-th reflection labeled in Fig. 4, 9 is the intensity of the same reflection
in the completely random powder, as reported in the reference, calcu-
lated using the crystallographic data for InyO3 (bixbyite phase, COD ID
1538147) and ZnO (wurtzite phase, COD ID 9008877).

The HZO thin film exhibits a pronounced preferential orientation
perpendicular to the (001) growth plane, indicating that the grains are
predominantly aligned along the c-axis. Such a growth mode may
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Fig. 4. XRD patterns of i-ZnO (black) and of HZO (red) thin films deposited on
In,03 buffer layer. In both cases In,Oz-coated soda lime glass was used
as substrates.
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suggest the presence of nucleation centers characteristic of a ZnO
nanowire-like structure. Conversely, the TC profile of the i-ZnO sample,
shown in Fig. 5(b), reveals a more random grain orientation, lacking any
significant preferential alignment.

The cross-sectional TEM analysis of the i-ZnO film deposited on
sapphire reveals two distinct structural regions (Fig. 6a). The lower re-
gion, extending approximately 50-200 nm from the substrate, consists
of small crystallites with pronounced texture. Most grains in this region
exhibit a substrate-driven crystallographic correlation (For the sake of
simplicity, we will henceforth adopt the term epitaxial), as substantiated
by the corresponding SAED patterns (inset of Fig. 6a)

The upper part of the i-ZnO film, however, indicates a completely
different morphology, consisting of large (50-300 nm wide x max. 1 pm
long), well developed, V-shaped or columnar crystals, showing the loss
of in-plane epitaxial relations towards the surface as shown by the SAED
patterns (Fig. 6a). Nonetheless, the 002 peak in normal direction to the
interface is retained, indicating a fibre-like texture. In order to see in-
plane orientation relationships, we prepared a plan-view TEM lamella
from the upper part of the sample. The SAED pattern (Fig. 7a), shows
that the top of the layer is less textured, as close to the reflections of
expected in the [001] zone axis, other spots appear, like 101, 202, 203,
indicating that some crystals grow with the (002) plane not perfect
parallel to the surface of the substrate. Bright field (BF) image of the
layer (Fig. 7d) shows typical grain size of 50-300 nm (cross section of
the elongated ZnO crystals) with mostly typical 120° grain boundary.

In contrast to i-ZnO, the HZO sample exhibit columnar grains ori-
ented along the c-axis, maintained throughout the full film thickness of
850-1000 nm. (Fig. 6b).

The columnar ZnO grains are elongated along the c-axis and exhibit
mainly epitaxial growth in cross sectional sample. In order to reveal the
texture SAED patterns (7b-c) were acquired also from plan view sample,
exhibiting the cross section of the columns. The ZnO columns are
strongly textured, all the grains are in [001] projection with a slight
rotation of each crystal around its c-axis. Such misorientation suggest
the presence of minor local strain or relaxation mechanism during
growth, which may lead to small-angle grain boundaries at the column
interfaces. For further demonstration HRTEM image with the corre-
sponding FFT from plan view sample presents 3 grains (cross section of
columns) with equilibrial ~120° triple grain boundary and the ~8.3°
and ~16.6° low angle boundaries between individual grains. The typical
diameter of the columns is 50-300 nm (Fig. 7e).

The epitaxial growth is confirmed from cross sectional TEM sample,
as well by high-resolution TEM images (Fig. 8), concluding that small
rotations around the c-axis do not appreciably modify the overall
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Fig. 6. Bright-field (BF) TEM image of the layer with corresponding SAED
patterns acquired from the marked areas (white circles) from a) iZnO and b)
HZO samples. a) The lower part of the iZnO layer shows mainly epitaxial grains,
while the upper part of the layer is less structured and the crystals are not in
epitaxial relationship with the substrate. b) HZO layer consists of columnar ZnO
grains elongated along the c axis, perpendicular to the substrate surface. These
columns exhibit a small relative in-plane rotation, consistent with a modest
mosaic spread of the layer. No detectable amorphous phase was observed in the
inverted SAED patterns.

texture. No detectable amorphous phase was identified by HRTEM as

(002) (101)  (102)

(hkl)

(103)

212)

Fig. 5. Texture coefficient TC (hkl) for the crystalline planes shown. (a) A strong (001) texture is evident, while the remaining planes show reduced intensity (HZO).
(b) No dominant texture is observed (iZnO). A crystal plane was considered non-negligible when its TC exceeded 20 %, as indicated by the dashed horizontal line.
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Fig. 7. a) Indexed SAED pattern from plan view sample of i-ZnO. Next to the typical reflections of the [001] zone, other reflections also appear, like 101, 202, 203,
showing that the layer is less textured than the portion closer to the interface. b-c) Indexed SAED pattern from HZO acquired with the smallest selected area aperture
and (b) with larger aperture (c) indicating a strongly textured layer, all the grains are in [001] projection with a slight rotation of each crystal around its c-axis. d)
Bright field image from plan view TEM sample of i-ZnO showing the typical size and diameter of the ZnO columns in cross section. e) Dark field image from plan view
TEM sample of HZO showing the typical size and diameter of the ZnO columns in cross sectional and the slight misorientation between the adjacent grains. f) HRTEM
image with the corresponding FFT from plan view TEM sample of HZO confirm the strong texture in [001] projection: 3 grains (cross section of columns) with
equilibrial ~120° triple grain boundary and the ~8.3° and ~16.6° low angle boundaries between individual grains.

Fig. 8. HRTEM image from the interface region between the a-Al;O3 substrate and the HZO layer showing that most crystals are epitaxially grown on the substrate,
and they overgrow the non-epitaxially grown crystals. b) HRTEM image highlighting the top region of two columnar HZO crystallites, showing that both of them are

slightly rotated along their c directions.

well, and elemental mapping in STEM mode did not reveal chemically
inhomogeneity like the presence of oxyhydroxide phases.

The comparison between i-ZnO and HZO focusses on an essential
difference in crystallographic order, as clearly evidenced by the SAED
experiments. This result unambiguously demonstrates that HZO

10

possesses a significantly higher degree of crystalline order than i-ZnO.
This structural condition strongly supports the interpretation that the B-
M effect can be observed only in the HZO sample. Otherwise, the
considerable lattice disorder in i-ZnO, localizes the impurity band, thus
suppressing the manifestation of the B-M effect.
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In summary, the structural and electrical properties of ZnO thin films
were found to be strongly dependent on the reactive gas composition
during sputtering process. In an Ar/O5 atmosphere, the films exhibited
high optical transparency, a smooth surface and poor crystallinity.
Under these conditions, the carrier concentration was relatively high,
but the low carrier mobility limited electrical transport. Scattering and
disorder govern electron conduction (hopping), as reported for ZnO
deposited under oxygen-rich condition [50,51].

An evident transition happened when a small partial pressure of
water vapor was introduced into the sputtering chamber along with Ar
and O,.

Dissociation of H,0O under plasma conditions provides OH and H
radicals [52,53]. The -OH species can act as surfactants, enhancing
adatom mobility at the growing surface and promoting preferential
crystalline orientation. The effect is critically governed by the delicate
balance of partial pressures between O, and H»0. At the optimal con-
dition, the oxygen partial pressure is enough to sustain stoichiometric
ZnO growth, while the small addiction of water modifies the surface
kinetics of the film during deposition without over-oxidizing the HZO.

3.2.4. DFT calculations

To investigate the energetics, surface structural morphology, and
defect types that influence the HZO and i-ZnO layers, we performed
spin-polarized DFT+U calculations using the Quantum Espresso suite of
codes [54]. A plane-wave kinetic energy cutoff of 50 Ry and the stan-
dard solid-state pseudopotential (SSSP) library set optimized for the
efficiency of the PBESol functional were used [55]. For the Hubbard-U
correction [56], U values of 10 eV for Zn and 7.81 eV for O were
adopted, ensuring consistency with the experimentally observed band
gap of bulk ZnO. For HZO, the adsorption of water on the ZnO (0001)
surface was modeled at various starting trial structures and monolayer
(ML) coverages using a six-bilayer and a 3 x 3 surface cell slab model,
separated by a vacuum spacing of at least 15 A perpendicular to the
surface, while a 2 x 2 x 1 Monkhorst-Pack k-point mesh was used to
sample the Brillouin zone. To account for the non-vanishing dipole
density due to the surface asymmetry, dipole corrections were included

(b)

(d)

E-Ef (eV)
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in all surface calculations. For i-ZnO, neutral and charged defects,
including oxygen vacancies (Vp), substitutional hydrogen at Vo (Ho),
and Zn antisites (ZnO), were modeled in a 3 x 3 x 3 supercell with a
5 x 5 x 3 Monkhorst-Pack k-point mesh. All structural optimizations
were performed until total energy and forces were convergedto1 x 10™
and 1 x 107% a.u., respectively.

The model-predicted (and experimentally inferred) optimal coverage
window discussed in paragraph 2.1 is supported by our DFT calcula-
tions. We find that at full coverage (1 ML), water is energetically more
favorable in the molecular form when adsorbed on the Zn (0001) sur-
face, with an adsorption energy of —0.034 eV/H-0. The structure of the
adsorbed water molecule at full coverage (not shown) consists of a bond
distance of 2.27 A between Zn (substrate) and O (Hz0), an intra-
molecular H-O bond distance of 0.96 A, a Zn-O(H20)-Zn angle of 52.5°,
and an H-O-H intramolecular angle of 112.8°. Instead, dissociative
adsorption leading to the formation of an —OH hydroxyl group and H is
energetically stabilized at lower coverages below ~0.3 ML, in agree-
ment with earlier discussions of water adsorption on the ZnO surface
[57,58]. This occurs because the dissociated species neutralize more of
the unsaturated surface bonds, despite the additional energy required to
break the water bond. The structure of the adsorption of OH and H
species is shown in Fig. 1a for 0.11 ML coverage. The hydroxyl group
bonds to a surface of Zn atoms with a Zn—O bond distance of 1.9 A, while
the H species bonds to a neighboring Zn atom at a distance of 2.6 A. The
covalent bond formation and charge transfer between the substrate and
adsorbed species strongly influence the surface electronic band struc-
ture, inducing metallic conductivity (see Fig. 9a), with O and Zn states
occupying the bandgap. This enhances the density of mobile carriers.
Furthermore, our experimental data indicate that water adsorption
(used to assist ZnO surface growth in the chamber) is dissociative,
leaving hydroxyl groups on the surface. We also investigated using DFT
the structural morphology and effects of the less energetically favorable
hydroxyl adsorption at higher coverages of 0.5 and 1.0 ML. For the
0.5 ML coverage (Fig. 9b), the OH species is adsorbed at the surface Zn
sites, while the H atom binds to the under-coordinated oxygen atoms at
the edges, forming additional OH groups. In contrast, for the 1 ML

Fig. 9. Side view of DFT relaxed adsorption of the OH and H species on the Zn (0001), and the corresponding surface band structure for each surface for; (a) 0.11 ML
coverage (calculations were performed in a 3 x 3 supercell), (b) 0.5 ML coverage (calculations were performed in a 2 x1 supercell) and (c) full coverage (calculations

were performed in a 1 x1 cell), and the H specie were absorbed on the oxygen terminated (0001)surface. Grey, red, green and pink spheres represent, Zn, O,
adsorbed O (of OH) and hydrogen respectively. Red dashed lines in the band structure plot indicates the Fermi energy shifted to zero.
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coverage (Fig. 9¢), the H atom bonds to the dangling oxygen at the
oxygen-terminated (0001 )surface, assuming that both Zn and O termi-
nated surfaces are exposed in the chamber during growth. Both
adsorption configurations have been reported to contribute to the sta-
bilization of the polar Zn (0001) surface [59-61]. The surface band
structures corresponding to these configurations further reveal the
metallic conductivity of the Zn (0001) surface induced by OH and H
adsorption. This finding is consistent with our experimental measure-
ments of the HZO layer, where enhanced conductivity has been
observed. In polycrystalline TCOs, carrier mobility is often limited by
grain-boundary scattering and barrier formation rather than by intrinsic
band dispersion alone. The DFT-calculated density of states (DOS Fig. 9)
provides a microscopic picture consistent with the high carrier mobility
measured in our HZO film. When the -OH coverage increases to 0.50 ML,
we observe (i) a shift of the Fermi level toward/into the conduction band
and (ii) an effective passivation of surface dangling bonds as also re-
flected by the relaxed surface geometries in Fig. 9. This chemical
passivation reduces the density of surface states that can act as charged
scattering centers and potential barriers, at the grain boundaries.
Together with the micrometer-sized, c-axis-oriented grains observed in
the TEM cross-sections, this decrease in grain-boundary barrier scat-
tering supports the experimentally obtained mobility values (>
30 cm?/Vs).

Furthermore, our experimental data indicate that water adsorption
(used to assist ZnO surface growth in the chamber) is dissociative,
leaving hydroxyl groups on the surface. We also investigated using DFT
the structural morphology and effects of the less energetically favorable
hydroxyl adsorption at higher coverages of 0.5 and 1.0 ML. For the
0.5 ML coverage (Fig. 9b), the OH species is adsorbed at the surface Zn
sites, while the H atom binds to the under-coordinated oxygen atoms at
the edges, forming additional OH groups. In contrast, for the 1 ML
coverage (Fig. 9¢), the H atom bonds to the dangling oxygen at the
oxygen-terminated(0001)surface, assuming that both Zn and O termi-
nated surfaces are exposed in the chamber during growth. Both
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adsorption configurations have been reported to contribute to the sta-
bilization of the polar Zn (0001) surface [59-61]. The surface band
structures corresponding to these configurations further reveal the
metallic conductivity of the Zn (0001) surface induced by OH and H
adsorption. This finding is consistent with our experimental measure-
ments of the HZO layer, where enhanced conductivity has been
observed.

In n-type ZnO, oxygen vacancies (Vo) are low-energy defects and
would likely form in large concentrations. Our DFT results show that Vg
thermally transits from the 2 + charge state to the neutral state, with a
deep €(2 +/0) level located 1.15 eV below the conduction band (see
Fig. 10a), in agreement with the majority of earlier theoretical studies
[62-65], but contrary to the shallow-donor behavior measured for
i-ZnO. Thus, Vg is likely not the dominant source of carrier electrons,
suggesting the presence of other defect types. This is a widely discussed
problem in literature, and consequently, other shallow donor defects
have been theoretically proposed as the origin of n-type conductivity in
ZnO, including a metastable shallow donor state of Vo [66], Zn in-
terstitials, Zn antisites, and substitutional hydrogen at the O vacancy site
[63,64,67,68]. However, during the growth and annealing process, the
i-ZnO layer is well protected and hydrogen is not present, thus leaving O
vacancies and likely Zn defects as the possible donor candidates.
Therefore, we have considered a defect complex consisting of a Zn
antisite, where the Zn ion occupies the oxygen vacancy site. Even though
this defect complex has a higher formation energy of —1.75eV,
compared to —2.50 eV for oxygen vacancies, it is expected to be stabi-
lized by the presence of a very high concentration of oxygen vacancies
[67] and by the thermal non-equilibrium conditions of the experiment.
As shown in Fig. 10b, the Zn antisite behaves as a shallow donor, as the
thermodynamic transition levels between the 2 +, 1 +, and neutral
charge states occur beyond the conduction band minimum. This is due to
the strong hybridization between the Zn antisite and the O vacancy,
which modifies the electronic structure, lowers the formation energy,
and leads to the formation of the shallow-donor state [67]. This is

(b)

T T T
6.. -
-
; —,— oo
() - o*
= 4r - o* -
> B . £
=0 T - . =4
= = an = <]
7} SL.- P
& 92L° s
m “|l © ks S
: |8 - g
] ;
s g Wiy —_— Zn” 2
E= = . o °
g 0r> C, N (1 51
£ o° Zng, S
S
s o’ 2+
=2k Zng, )
1 L 1
0 1 2 3

Fermi Energy (eV)

(d)li()

DOS — /NS
O-s — 70-p
=100 — (O-p —— 7n-d
%
Z
@
2 0
= 50 Zn,, L -
g /
i
g \ "
0 — e -
5 10
E-Evpy (eV)

ZnO. The projected density of states of the neutral charged states for (c) Vg and (d) an.

12



S. Pasini et al. Journal of Alloys and Compounds 1057 (2026) 186907

accounting for the increased computed carrier concentration of ~10 * °
e/cm® and the improved conductivity measured experimentally. The
existence of both deep and shallow donors in ZnO has been earlier re-
ported and was utilized to explain the double thermal activation

consistent with the distribution of the density of states shown in
Figs. 10c and 10d, where the O vacancy defect level lies deep in the band
gap, far from the conduction-band minimum, whereas for the Zn antisite
the defect level is located closer to the conduction-band minimum,
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Fig. 11. (a) Current density—voltage (J-V) characteristics and (b) external quantum efficiency (EQE) spectra of the ITO-based and HZO-based solar cells. The J-V
curves are measured under illumination (1IKW/m?2, AM=1.5 G, T = 25°C), and the EQE spectra show the spectral response in the 400-1100 nm range. The oscil-
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respectively. The figures (e) and (f) is possible to extract the shunt resistance.
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conduction processes observed in ZnO [33]. This continues to show the
indispensable role that oxygen vacancies play in the n-type conductivity
of ZnO. Further, the Zn antisite relaxes into a reduced-symmetry
configuration displaced by 0.51-0.63 A from the ideal O vacancy site
for the neutral to 2 + charge states, with the nearest-neighbor ZnO-Zn
distance being ~2.4 A, compared with the pristine O-Zn distance of
1.95 A. Furthermore, this defect complex induces additional atomic
displacements, likely producing substantial lattice relaxation, consistent
with the large lattice disorder measured for i-ZnO.

Sb,Ses-based solar cell

Fig. 11 (a) illustrates a comparative analysis of Sb2Ses-based solar
cells employing either the conventional TCO structure (900 nm ITO +
120 nm i-ZnO) or the novel HZO-based TCO as the front contact. The
current-voltage (J-V) curves and the corresponding photovoltaic pa-
rameters, summarized in Table 2, exhibit comparable performance in
both configurations. Batch statistics (N, mean + SD) and the extracted
R, Rgy(and R;/Rg,) are summarized in Table 2. This outcome validates
the potential of HZO as a viable alternative to conventional TCO layers.

To further investigate the impact of the HZO front contact on device
performance, the series resistances were extracted from the J-V char-
acteristics. As summarized in Table 2, the HZO-based cells exhibit a
significant reduction in series resistance (Rs) from 1.66 + 0.03 Qcm? for
the ITO reference to 1.21 =+ 0.03 Qcm?. This decrease in Rg, coupled
with a well-maintained shunt resistance (Rg,), accounts for the
improvement in Fill Factor and suggests a more efficient charge carrier
extraction at the TCO/buffer interface, likely due to a more favorable
band alignment and reduced contact resistance compared to the stan-
dard ITO/i-ZnO bilayer.

The presence of a kink at high voltage in the first quadrant is
attributed to an unfavorable band alignment between the window layer
(CdS+ZnCdS) and the absorber (Sb,Ses), as previously reported in [69].
Additional confirmation is provided by the external quantum efficiency
(EQE) spectra shown in Fig. 11(b), which are nearly identical for both
devices, with a small but significant enhancement in the absorption
observed when HZO is employed as the TCO, demonstrating good
replaceability of the ITO layer with HZO. Notably, the EQE enhance-
ment is mainly observed across the plateau region, while the
short-wavelength response and the long-wavelength cut-off remain
essentially unchanged. This wavelength-dependent signature is consis-
tent with a light-management contribution (e.g., forward scattering
and/or reduced parasitic optical losses) rather than a change in absorber
band edge or junction collection physics. The Jsvalues obtained by
AM1.5 G integration of EQE agree with J-V within 0.2 %.

This result is confirmed from a TCO’s figure of merit used for PV
applications, expressed as [70]:

T10

FoM = —
() R,

(26)
Where: T is the transmittance at 550 nm [0,1] and Ry is the sheet
resistance [Q/[]]. The obtained values are FoOM(ITO) = 0.025 and FoM

Table 2

PV parameters of solar cells based on ITO+iZnO and HZO TCOs. Ten cells were
tested for each batch (HZO-based and ITO-based). The reported values are the
mean and standard deviation.

ITO-based HZO-based
Jse [mA/cm?] 20.47 + 0.02 21.25 + 0.03
Voe [mV] 3959 +1.1 4131+ 1.4
FF 0.48 + 0.01 0.49 + 0.01
PCE [%] 3.89 + 0.04 4.31 + 0.04
R, [Qcm?] 1.66 + 0.03 1.21 £ 0.03
Ren [Qcm?] 126.8 + 0.6 124.1+1.3
Rs/Rsh (131+0.3)"1073 (9.8+0.3)*1073
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(HZO) = 0.022. This result strongly suggests a good substitution be-
tween ITO and HZO.

These experimental observations have insightful significance: HZO
as TCO can be used in the production of solar cells, avoiding the use of
ITO, which can lead to free carrier absorption, resulting in absorption in
the visible part of the near-infrared spectrum, or the use of ZnO heavily
doped with Al, or B, with the consequent possibility of diffusion of
dopant species when heated to high temperatures. By using HZO,
experimentation has also highlighted that the use of a high-resistivity
layer (HRL) is unnecessary, as it eliminates the need to shield the
diffusion of dopant species (In and Sn from ITO and Al, B from AZO;
BZO).

4. Conclusion

We introduce a H20-assisted ZnO (HZO)-based TCO grown by reac-
tive d.c. magnetron sputtering in an Ar/O2/H-0 atmosphere and explain
its growth-property link with a coupled discharge and surface kinetics
model. A controlled H-0 dosage establishes a chemisorbed -OH
coverage, on the substrate surface, that acts as a surfactant The pulsed d.
c. mode stabilizes the discharge and decouples the growth rate control
from that of the microstructure. The model links power density, H20
fraction, and temperature to the metallicity index and steady-state -OH
coverage, identifying an operating window and promotes c-oriented
columnar grains at the micrometer scale. These results are in full
agreement with the DFT calculation. Furthermore, the DFT predictions
for the defects responsible for conductivity in HZO and i-ZnO are
consistent with the literature. Optically, HZO exhibits high transparency
in the visible range of the solar spectrum with E; ~ 3.28 eV and a
~ 10 % increase in the surface diffuse-fraction proxy compared to i-ZnO,
useful for light management in superstrate solar cells. Electrically, HZO
is in the degenerate regime with pe > 30 cm*V-'s? ,n~10'°cm>;a
slight optical blue-shift is consistent with a Burstein—-Moss effect
partially compensated by band-gap renormalization. At device level,
used as a front contact in Sb2Ses cells, HZO matches or surpasses the
conventional ITO+i-ZnO stack, consistent with the TCO figure of merit
and the slight EQE gain. This result is particularly significant as it
demonstrates that high-performance photovoltaics can be achieved by
replacing rare and expensive Indium-based compounds with a single-
layer, earth-abundant oxide without compromising carrier collection
efficiency. In addition to performance parity, HZO avoids the known
ITO/AZO criticalities (free carrier absorption, In/Al diffusion), allowing
for stack simplification without dedicated HRL layers.

Compared to recent literature on multi-element co-doping (e.g., Al-B
or Al-Ga co-doped ZnO), which often requires complex targets, our HZO
approach achieves competitive mobility (> 30 cm?V-'s™) through a
simpler single-target sputtering process. When integrated into SboSes
solar cells, HZO acts as an effective window and yields a slight EQE gain
consistent with enhanced light scattering, which is particularly benefi-
cial for the SbySes absorber near its band edge.

Combining low-cost scalability (stable process window), non-critical
elements and premium optoelectronic properties, HZO promises to be a
next-generation TCO for thin-film photovoltaics, with expected benefits
in terms of reliability, sustainability and industrial integration.
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