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1. Introduction

While the history of transparent conductive
oxides dates back to more than 100 years
from now, it is the intense development
of advanced optoelectronic products that
raised substantial research on materials
and deposition processes in this area. In
many cases, these transparent conductive
oxides (TCO) films are used as contact
layers to sensitive semiconductive films,
e.g., in heterojunction solar cells with
intrinsic thin film (HIT cells) and light-
emitting diodes. Here, any damage
induced by fast particles must be prevented
to ensure the ultimate device performance.
Furthermore, issues such as the proper
band alignment must be maintained, which
requires precise control of defect states and
doping levels.

Beyond this level of TCO application, we
have to address the subject of active semi-
conductive oxides where the electronic
properties of the films are subject to mod-
ulation, e.g., by means of the electric field
in a thin film transistors (TFT) structure
and furthermore, we need to consider
p-type materials, e.g., for hole extraction
in thin-film perovskite solar cells (PSCs).
Within this article, we address these items

focussing on p-type conductive NiOx and doped NiOx films as
hole transport layers (HTLs) for PSCs and on semiconductive
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Herein, the recent findings on hollow cathode gas flow sputtering (GFS) of
transparent conductive oxides (TCO) films are reviewed. The GFS is a unique
deposition technique that offers extraordinary process conditions for thin-film
growth. The GFS core element is a hollow cathode discharge operating in the
mbar pressure range. The sputtered atoms are transported by means of forced
convection. These key features allow for unique deposition conditions: i) GFS is a
remote process where reactive gas does not interact with the sputtered target
surface. This allows for high process stability at any reactive gas partial pressure,
opening up even the pathway for combined physical vapor deposition (PVD) and
plasma enhanced chemical vapor deposition (PECVD) synthesis. ii) The GFS
plasma delivers high plasma density in the order of 1012 cm�3 at the substrate
position. When bipolar pulsing is applied to the hollow cathode, plasma-activated
growth can be obtained even for insulating substrates. iii) Doped films can be
produced in an elegant way when the target is composed from ring segments
to adjust the specified doping level. In this article, the focus is on the process
development using direct simulation Monte Carlo modeling of the deposition
process and on the optimization of bipolar pulsing. Follow on this, two appli-
cation cases are introduced: i) synthesis of p-type NiOx and Cu-doped and NiOx-
doped films for application as hole conductor in perovskite solar cells where
improved device stability is achieved compared to surface assembled monolayers
which are state of the art and ii) synthesis of ZnOxNy films with the perspective
for usage as semiconductive films in thin-film transistors.
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zinc-oxynitride films for TFTs taking the special properties of the
hollow cathode gas flow sputter (GFS) process into account.

Looking back in history, the deposition of thin films by sput-
tering has been an enabling technology for a large variety of tech-
nical applications such as large area glass coating for energy
efficiency in architectural and automotive applications, for solar
absorbers, solar cells, and flat panel displays, for microelectron-
ics, and hard coatings for tools and parts and numerous further
areas.[1] Early applications have been realized with planar targets
sputtered at high voltage of approx. 2–3 kV in the pressure
range of 10�1 mbar.[2] Due to the invention of the magnetically
confined discharge in the so-called magnetron geometry, the volt-
age could be decreased towards approx. 100–500 V to be applied
at the cathode. In parallel to this, a decrease in discharge pressure
toward the 10�3 mbar range has been realized.[3] Sputtering
under such conditions allows for higher discharge current and
thus increased depostion rate plus advantages in thin film
deposition since the energy of sputtered particles contributes
to the surface diffusion on the substrate and thus to the forma-
tion of more dense films. Despite these advantages, the magne-
tron sputtering reveals limitations, mainly due to the unwanted
reaction of reactive gas with the cathode surfaces, which requires
complex techniques for process control and stabilization,[4] but
also due to the fact that high energetic species still exist in form
of fast reactive gas ions and reflected sputter gas neutrals, which
induce damage to the growing film. Increasing pressure allows
for a thermalization of these fast species where the initial energy
exceeds 100 eV, but due to the energy dependence of the scatter-
ing cross sections, this is even more severe for the low energetic
sputtered particles.[5] Common understanding about these
effects has been achieved already in the 1980s, and intense
research was stimulated toward low voltage magnetron sputter-
ing, pulse magnetron sputtering, rotatable magnetron sputter-
ing, moving magnet sputtering, and meta mode sputtering,
where sputter zone and reaction zone have been separated by
means of rotating substrates.[1]

During the 1980s, a novel concept has been developed to
circumvent the limitations outlined above: It is based on the uti-
lization of two principles: First, the usage of the hollow cathode
effect to generate the plasma for cathode sputtering and second
the transport of the sputtered particles toward the substrate by

means of forced convection.[6,7] From practical point of view, sev-
eral advantages compared to magnetron sputtering have been
described: i) the equipment for mbar range of operation is much
easier to build compared to costly high vacuum equipment nec-
essary for magnetron sputtering, ii) the target utilization is in the
order of 90%, since no magnets are used, iii) the deposition rate
is high, even for compound layers, since the target surface is not
covered with reaction products, and iv) the GFS operates under
steady-state conditions, so process control does not require fast
closed loop control loops, like in reactive magnetron sputtering
of compound films.[4]

Consequently, substantial research on functional oxides for
electrical and optical applications has been undertaken in the last
couple of years, taking advantage of the special process condi-
tions available in GFS. Well-known applications such as indium
tin oxide (ITO) sputtering with high target utilization[8] and ZnO:
Al sputtering[9] have been demonstrated by GFS, p-type oxides
such as Delafossite CuCrO2 and CuAlO2 have been manufac-
tured,[10] and photocatalytic TiO2

[11] and WO3-based
[12] coatings

have been developed.
On the other hand, some difficulties have been observed in the

last few decades, which have hindered the successful industriali-
zation of GFS technology. For example, the dark space shielding
must be much thinner compared to magnetron sputtering and
thus, a risk of unwanted parasitic discharges is given, in partic-
ular for long linear sources.[8] By means of advanced process
modelling, however, such items can be controlled. From thin-
film growth perspective, however, the GFS allows for excellent
abilities to tailor the growth. Issues such as physical vapor depo-
sition (PVD)/plasma enhanced chemical vapor deposition
(PECVD) hybrid process can easily be achieved due to the high
pressure. Ion-assisted growth is feasible due to the high plasma
density at the substrate, but also a magnetic field can be applied
to shield the substrate, for example, for device quality a-Si:H
sputtering.[13] Even nanoparticles can be grown in a controlled
manner.[14]

2. Experimental Section

Within the work described here, we address the usage of small-
scale GFS source which consists of a target tube of 60mm length

Figure 1. Layout of TFT structure (left) and TFTs realized using oxidized Si wafers (right).

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2025, 19, 2500080 2500080 (2 of 7) © 2025 The Author(s). physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

 18626270, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssr.202500080 by H

elm
holtz-Z

entrum
 B

erlin Für, W
iley O

nline L
ibrary on [13/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.pss-rapid.com


and 40mm diameter. This GFS tool is homemade and a concise
overview of the tool and experimental details relevant to the
research discussed in this study is provided elsewhere in Ref. [15]

To explore different hole-transporting layers (HTLs) in metal
halide PSCs, the device structure employed was as follows:
Glass/ITO (150 nm)/various HTLs/Perovskite (≈450 nm)/C60
(23 nm)/Bathocuproine (8 nm)/Cu (100 nm), with an active area
of 16mm2. The perovskite layer, composed of the triple-
cation formulation Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3, was

prepared using a previously reported method and exhibited
a bandgap of ≈1.6 eV.[16] The various GFS HTLs were bench-
marked against state-of-the-art self-assembled monolayers
(SAM, MeO� 2PACz: [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]
phosphonic acid).[16] The NiOx films were prepared by sputtering
using a metallic Ni target (4 N purity, 60mm in length, 50mm
outer diameter, and 40mm inner diameter). NiOx:Cu, NiOx:Mg,
NiOx:Zn, and NiOx:Fe films were fabricated by replacing a por-
tion of the Ni target with rings of Cu, Mg, Zn, and Fe,

Figure 2. Left: Simulation of reactive gas partial pressure distribution at the deposition zone without (top) and with (bottom) attached nozzle. Center:
Corresponding interference fringes of TiO2 films on 50� 50mm2 glass. Right: Distribution of film thickness and homogeneity obtained from
ellipsometry.[17]

Figure 3. Results for Perovskite solar celusing a) using surface-assembled monolayers (reference) and GFS sputtered NiOx and NiOx:Cu as HTL.[21]

b) efficiency (η) from current–voltage (J–V) measurement under AM 1.5 G illumination, c) TPC rise, d) normalized OCVD, e) Normalized averages
of maximum power point tracking–η of the PSCs under the operational stability test.
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respectively, each with a length of 5mm. Unless specified
otherwise, the non-Ni metallic rings used were 5mm in length.
For NiOx:Cu films, where both 5mm and 10mm Cu rings were
utilized, the resulting films are denoted as NiOx:Cu_5 and NiOx:
Cu_10, respectively. The compositions of the NiOx, NiOx:Cu_5,
and NiOx:Cu_10 films were determined to be NiO1.15,
Cu0.1Ni0.9O1.11, and Cu0.15Ni0.85O1.0, respectively.

[21] The proper-
ties of the other NiOx-based films are currently under
investigation.

To investigate the synthesis of semiconductive ZnOxNy

films[22] for transparent thin-film transistors by reactive hollow
cathode gas flow sputtering, we used the same gas flow sputter
source as described above using a metallic Zn target (4 N purity).
The reactive hollow cathode GFS is ideal for the synthesis of such
complex oxynitride films since the reactive gas does not interact
with the surface of the target material. Therefore, the continuous
variation of film composition at the substate is possible by chang-
ing the reactive gas composition without altering the sputter pro-
cess at the target surface. Our device layout is shown in Figure 1.
Semiconductive ZnOxNy films with thickness of 20 nm have
been deposited on oxidized wafers. Zn films deposited using
a shadow mask have been used as source and drain electrodes.

3. Results

3.1. Optimization of Thin-Film Homogeneity

A key issue for the laboratory work is the ability of the device to
provide homogeneous films on a reasonable dimension of the
substrate, e.g., to perform X-ray reflectivity measurements which
require a certain substrate area and to generate solar cells which
can be tested in standard set-ups. By means of model-based pro-
cess analysis, we developed an external nozzle for the source
which concentrates the gas flow and which maintains a homog-
enous film stoichiometry and film thickness over 40mm diame-
ter on a 50� 50mm2 glass substrate (see Figure 2).[17]

3.2. NiOx and NiOx:Cu for PSCs

The efficiency and stability of metal halide PSCs depend strongly
on the performance of the hole-transport layers (HTL).[18]

Recently, the technology of SAM received strong interest due
to their high-performance efficiencies.[19] Due to limitations of
SAMs regarding stability and large-scale manufacturing, inor-
ganic HTLs and bilayers of SAMs and inorganic layers are of

Figure 4. Results for PSCs using surface-assembled monolayers (Ref.) and GFS sputtered NiOx as HTL. Photovoltaic parameters of the PSCs: a) short-
circuit current (JSC), b) open-circuit voltage (VOC), c) FF, and, d) efficiency (η) from J–V measurement under AM 1.5 G illumination. The “Ref.” devices are
based on MeO─2PACz (SAM). The grey curve in d) is a guide to the eye. The schematic of the PSCs under investigation is shown in (a) in left part of
Figure 3.
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strong interest. The properties of NiO2 films make them a strong
candidate for use as a HTL in PSCs. From the viewpoint of band
alignment, NiOx-based films meet the requirements to be used
as HTL for PSCs.[20] In a recent study, we investigated the
usage of gas flow sputtered NiOx and NiOx:Cu films for this
application.[21]

Our results shown in Figure 3 reveal that SAM-based devices
perform efficiency-wise slightly better compared to NiOx and
NiOx:Cu HTLs. Furthermore, we conducted transient measure-
ments, including transient photocurrent (TPC) and open-circuit
voltage decay (OCVD), on the devices. These measurements sug-
gest that while NiOx HTLs can achieve a charge-extraction den-
sity comparable to SAMs, they experience interfacial charge
recombination, highlighting the need for surface passivation.[21]

Furthermore, strong improvements of device operational stabil-
ity are reached when Cu-doping is used.

Additionally, we investigated the effects of incorporating vari-
ous elements, including Cu, Mg, Zn, and Fe, into NiOx as HTLs
in PSCs. As shown in Figure 4, the reference devices outper-
formed all the NiOx devices in terms of performance parame-
ters. Among the devices with non-incorporated (pure) NiOx
layers, those with NiOx:Fe experienced notable deficiencies in
open-circuit voltage (VOC) and fill factor, resulting in lower effi-
ciency (η). Of the variants Cu, Mg, and Zn: Cu-incorporated NiOx

exhibited the best performance, comparable to that of pure NiOx

devices. NiOx:Mg devices also approached the performance level
of NiOx:Cu devices, while NiOx:Zn devices were less effective
compared to both Mg- and Cu-incorporated NiOx devices.[22]

Furthermore, Figure 5 presents the average maximum power
point tracking efficiencies (MPPT� η) of devices based on
various HTLs throughout 240 h with each type showing different
stability and degradation rates. The solar cells were aged in a
custom-built high-throughput aging setup,[23] and the test is
by the protocol ISOS-L-2I.[24] NiO2:Cu and NiO2:Mg devices
show the best stability over time, indicating that doping NiO2

with these elements improves the material’s performance under
thermal stress and illumination. Reference (SAM) and pure NiO2

devices show the most significant degradation, with reference
devices experiencing rapid initial decay and NiO2 devices show-
ing a more steady decline. Reference and undoped NiO2 devices
had initial efficiencies of ≈16% and 13%, respectively, which
decay at the end of 240 h close to ≈9% and 4%, respectively.
Similarly, the NiO2:Cu and NiO2:Mg devices had an initial effi-
ciency of ≈12% and 13%, respectively, which resulted in ≈13%
and 11%, respectively, at the end of the test. For applications that
demand long-term stability in high-temperature environments,
NiO2:Cu and NiO2:Mg serve as promising HTLs.

3.3. ZnOxNy-Based Thin-Film Transistors

The topic of large area flat panel displays technologies is strongly
related to the developed of active matrix arrays to drive either liq-
uid crystal or organic light-emitting diode displays. Moving from
voltage-driven liquid crystal display (LCD) to current driven light-
emitting diode display (OLED) technology opened the field for
high mobility amorphous metal oxide thin-film transistors[25]

where indium gallium zinc oxide turned out to be the most
feasible material for the oxide channel layer.[26] Regarding the
electron mobility, promising results have also been obtained
for ZnOxNy-based TFTs where mobility of 47 cm–02/Vs is
reported as prepared for films deposited on unheated substrates

Figure 5. Averages of maximum power point tracking–η of the variously
doped PSCs under the operational stability test (ISOS� L� 2I). The
spikes and step-like η loss noticed are due to the periodical J–V
measurement.

Table 1. Series of ZnOxNy based transistors as deposited.

Sample nr. Ar. Flow [sccm] N2 Flow [sccm] O2 Flow [sccm] Power [W] ρ [Ωcm] Carrier Conc. [cm�3] μ [cm2/Vs]

T1 1000 80 6 300 1.49 E-1 –1.15 Eþ 18 36.3

T2 1000 80 6 300 2.18 E-1 –8.21 Eþ 17 34.9

T3 1000 80 8 300 1.56 –2-23 Eþ 17 18

T4 1200 80 4 250 2.88 E-2 –3.56 Eþ 18 60.7

T5 1200 80 6 250 1.03 E-1 –1.76 Eþ 18 34.3

T6 1200 80 8 250 3.74 -1.97 Eþ 17 8.44

T7 800 140 10 250 4.68 –1.57 Eþ 17 8.51

Table 2. WDX analysis of selected samples.

Sample nr. Specification
Ar-N-O [sccm]

C (at.%) Zn (at.%) N (at.%) O (at.%) Ar (at.%)

T1 1000-80-6 1.61 55.12 19.36 23.52 0.36

T4 1200-80-4 1.43 51.25 23.29 21.80 2.20

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2025, 19, 2500080 2500080 (5 of 7) © 2025 The Author(s). physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

 18626270, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssr.202500080 by H

elm
holtz-Z

entrum
 B

erlin Für, W
iley O

nline L
ibrary on [13/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.pss-rapid.com


by reactive direct current (DC) magnetron sputtering compared
to mobility of 110 cm2 Vs�1 after annealing at 400 °C.[27]

To investigate the performance of ZnOxNy-based TFTs, we
prepared a set of samples deposited at different gas flow under
standard conditions.[28]

The elemental composition has been measured by wavelength
disperse X-ray spectroscopy (WDX). Table 1 and 2 show the
results for films with most attractive transistor characteristics,
where the transfer and output characteristics (transfer character-
istic (TFC) and output characteristic (OPC)) for sample T1 are
shown in Figure 6.

TFTs with channel length of 60 μm showed the best on/off
ratio in the order of 104, opening the door for the application
in analog devices. Metal layer must be deposited through pulsed
DC mode. The metal layer deposited through DC mode exhibits
a huge gate leakage current. Annealing for short time like
30–40mins does not degrade device performance. Annealing
for longer time degrades device performance heavily.

These promising TFT results open the pathway for further
device development. Our current interest is in TFT arrays on flex-
ible substrates, where a transition from staggered bottom gate
design toward the coplanar top gate design is necessary, where
the dielectric for TFT is subject of optimization.

4. Summary and Outlook

In the last decade, substantial breakthroughs have been achieved
in the area of hollow cathode GFS. Here, we have shown com-
petitive performances for two important examples, NiOx-based
hole conductors in PSCs and for metal oxynitride films for
TFTs. Further development will focus in both directions, cur-
rently the synthesis of SAM/NiOx bilayers is subject of research
as well as the development of dielectrics for TFTs in coplanar
geometry to be used on flexible substrates. A further pathway
for TCO development is toward the epitaxial growth of SnO2

bases TCOs[29] taking advantage of the high plasma density in
GFS to stimulate surface diffusion.
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