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Introducing metallic nanoparticles, such as Au, on a substrate as a
surfactant or wetting inducer has been demonstrated as a simple
but effective way to facilitate the formation of ultra-thin silver
layers (UTSLs) during the subsequent Ag deposition. However, most
studies have paid much attention to the applications of UTSLs
assisted by metallic surfactants but neglected the underlying
mechanisms of how the metallic surfactant affects the formation
of UTSL. Herein, we have applied in situ grazing-incidence wide-/
small-angle X-ray scattering to reveal the effects of the Au surfactant
or seed layer (pre-deposited Au nanoparticles) on the formation of
UTSL by high-power impulse magnetron sputter deposition (HiPIMS)
on a zinc oxide (ZnO) thin film. The comprehensive and in-depth
analysis of the in situ X-ray scattering data revealed that the pre-
deposited Au nanoparticles can act as additional defects or growth
cores for the sputtered Ag atoms despite using HiPIMS, which itself
forms many nucleation sites. As a result, the formation of a contin-
uous and smooth UTSL is reached earlier in HiPIMS compared with
bare ZnO thin films. Based on the mechanism revealed by the in situ
measurements, we provide insight into the formation of UTSL and
further UTSL-based applications.
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In situ studies revealing the effects of Au
surfactant on the formation of ultra-thin Ag layers
using high-power impulse magnetron sputter
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New concepts

Ultra-thin silver layers (UTSLs) are regarded among the most promising
candidates for achieving transparent conductive electrodes (TCEs) for
various flexible and wearable electronic devices. It is critical to realize
continuous UTSLs with minimized thickness. During the deposition of
the silver (Ag) layer, the introduction of metallic nanoparticles as the
surfactant has been demonstrated as an effective way to prepare the UTSL
with continuous surface morphology with less Ag loading. In this work,
we reveal the underlying mechanism of how the gold (Au) surfactant
affects the formation of the subsequent UTSL growth deposited by high-
power impulse magnetron sputter deposition (HiPIMS). We applied
in situ grazing-incidence X-ray wide-/small-angle scattering (GIWAXS/
GISAXS) during the Ag deposition to investigate the crystalline structure
and morphology (size and inter-distance of Ag clusters) evolutions of the
Ag layer, respectively. Based on a comprehensive analysis, we concluded
that the pre-deposited Au surfactant could act as nuclei or growth cores
for sputtered Ag atoms, leading to the formation of large and fixed Ag
clusters and finally, continuous and smooth UTSL formation via the
HiPIMS process.
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Introduction

The development of optoelectronic devices in recent years,
including various sensors, thin-film solar cells, portable energy
harvesters, and light-emitting diodes (LEDs), has profoundly
affected and changed our daily lives." ® As an essential component
of advanced optoelectronic devices, transparent conductive elec-
trodes (TCEs) with high electrical conductivity and optical trans-
parency functionally ensure the transport of electrons and
photons within the devices.”” Indium tin oxide (ITO) is currently
one of the most widely used TCEs and it provides a relatively high
transmittance of over 80% in the visible spectral range and a
low sheet resistance of about 10 Q sq ™, with a thickness of 100~
200 nm.'® However, large-scale application introduces several
challenges to ITO electrodes. On the one hand, the increasing
price of the raw material (indium) and inevitable material waste
during production lead to serious cost concerns for ITO
electrodes.">> On the other hand, portability, flexibility, and
wearability have been the most important requirements of optoe-
lectronic applications complex
conditions."® The risk of microscopic crack formation because
of the intrinsic brittleness of ITO hinders its application in flexible
optoelectronic devices."* Therefore, it is necessary to develop
desirable alternative TCEs to replace ITO electrodes, meeting
the requirements of advanced flexible optoelectronic devices.
Among the different attempts to realize novel TCEs, ultra-thin
metal layers (UTMLs) have been considered as one of the most
promising candidates owing to their excellent conductivity, opti-
cal transparency within the visible wavelength region, high flex-
ibility, and sufficient mechanical stability.">*°

Achieving continuous UTMLs with both reasonable electrical
conductivity and optical transparency is always a challenge to
developing high-performance TCEs for flexible -electronic
devices. Conventional physical deposition techniques, including
sputter deposition and evaporation, are the most widely used
methods to prepare metal layers on different substrates.'”"'®
However, in the case of thermal deposition processes, a metal
layer typically follows a 3D (Volmer-Weber) growth mode, where
discrete clusters or islands are formed initially, leading to the
formation of a non-continuous morphology within a limited
thickness and poor conductivity."®*° The formation of a contin-
uous metal layer can be realized by increasing the metal film
thickness or deposition rate*! but this results in a dramatic
reduction in the optical transmittance. To transform the 3D
growth into a 2D growth mode of the deposited metal layers and
form a continuous morphology within a limited thickness,
several strategies have been proposed and effective results were
obtained.'>'® Generally, the main idea for fabricating UTMLSs is
to improve the wetting of target metal clusters by reducing the
surface free energy of the metal clusters and the interfacial
free energy between the metal clusters and the substrate.
The reduction of surface and interfacial energies leads to the
formation of more thermodynamically stable metal clusters and
therefore an improvement in metal wetting.>*** Presently, the
developed strategies for UTML fabrications are primarily around
modifications of the target metals, deposition substrates, and
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deposition conditions to optimize metal wetting at a minimized
thickness, including a second metal or gas as additions to the
target metal,>*** the introduction of oxide supports,*® metallic
and non-metallic surfactants,>”?® and the reduction of the
deposition temperature.”> Among these strategies, using metal-
lic surfactants as wetting inducers has been demonstrated as
very effective for fabricating UTMLs within a thickness of a few
nanometers.”**!

Silver (Ag) is always a very promising electrode candidate for
various electronic devices due to its high conductivity, high
optical transparency in the visible region among metals, and
relatively low costs.>*™** In recent years, there have been various
reports on efforts to prepare ultra-thin Ag layers (UTSLs)
assisted by metallic surfactants or seed layers, such as gold
(Au), aluminum (Al), copper (Cu), and germanium (Ge).>”**~°
For example, Schwab et al. prepared UTSLs by using a 2-nm-
thick Au wetting layer on a polymer substrate as the TCE of
organic LEDs (OLEDs).** In their work, an almost closed
homogeneous 5-nm-thick Ag layer was formed with the assis-
tance of the Au wetting layer underneath, whereas the pure Ag
layer without the Au wetting layer consisted of isolated grains at
the same Ag thickness. Compared to the non-wetted Ag layer
(5-nm-thick), the Au-wetted Ag layer exhibited a much lower
sheet resistance and comparable transmittance. Moreover,
continuous UTSLs can minimize the localized surface plasmon
absorption effect. Xu et al. fabricated an 8-nm-thick calcium
(Ca)-doped Ag layer assisted by an Al seed layer on a
molybdenum(vi) oxide (MoOs) substrate, which also acted as a
TCE for flexible OLEDs.*® With the Al seed layer, the prepared
ultra-thin Ag/Ca layer also exhibited a smoother surface mor-
phology and a lower sheet resistance. Jeong et al. studied how
the Ge seed layer affected the wettability and growth of UTSL on
a zinc oxide (ZnO) substrate.?” It was suggested that the Ge seed
layer could reduce the thermodynamic free energy at both the
top and bottom boundaries of evolving Ag regions. As discussed
above, introducing metallic surfactants as wetting or seed layers
has been demonstrated as an effective method to fabricate
UTSLs with competitive electrical and optical performances.
However, only a few studies have focused on the underlying
mechanisms of how metallic surfactants affect the growth of
UTSLs. Moreover, from the existing studies, which are mainly
based on ex situ experiments, it is hard to completely understand
the effects of metallic surfactants on UTSL growth. Therefore, we
have applied in situ characterization techniques to probe the
effects of metallic surfactants on the formation of UTSLs in
real time.

Grazing-incidence wide-/small-angle X-ray scattering
(GIWAXS/GISAXS) are among the most powerful techniques for
investigating the crystal structures and nanostructures of various
thin-film configurations.*™ It is possible to monitor structural
evolutions during the formation of thin films and the operation
of thin film-based devices in real time.**™*® Previously, we
successfully applied in situ GISAXS to study the growth kinetics
of ultra-thin Au layers on different substrates.””*° Based on an
advanced analysis model, we extracted detailed dimensional
information on sputter-deposited Au clusters and determined

This journal is © The Royal Society of Chemistry 2024
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key points of the Au growth during a four-stage model, mainly
based on the Volmer-Weber mode.

In this work, we focus on the formation of sputter-deposited
UTSLs on a ZnO support with the assistance of an Au surfactant.
The UTSLs were prepared with high-power impulse magnetron
sputter deposition (HiPIMS), a technique that forms more
nucleation sites for metal cluster growth compared with other
sputter deposition methods. Thus, compared with conventional
direct current magnetron sputtering (DCMS) for metal layer
deposition, HiPIMS can increase the adhesion between the
deposited metal film and the substrate.’®>> Recently, Reck
et al. compared in detail the effects of HiPIMS, bipolar HiPIMS,
and DCMS on the growth behavior of the Ag layer on SiO, and
polystyrene substrates, respectively.”®> The effects of the Au
surfactant on the growth kinetics of UTSLs were investigated
in-depth by using in situ GIWAXS and GISAXS. The GIWAXS
data provided the crystalline information of formed Ag clusters
during the sputter deposition process, while the GISAXS data
revealed the morphology evolution of sputter-deposited Ag clus-
ters. With further analysis of the in situ GISAXS data, the
mechanism was proposed for how the Au surfactant facilitates
the formation of UTSLs on the ZnO support. The use of Au as a
surfactant for the formation of UTSL is not a new method but
our focus in this work is on how the pre-deposited Au surfactant
affects the growth behavior of further-deposited UTSL. By using
in situ GIWAXS/GISAXS to investigate the structural (crystalline
structure) and morphological (size and inter-distance) evolutions
of the UTSL during sputtering with and without the presence of
Au surfactant, we sought a deeper understanding of the UTSL
formation. This understanding is expected to provide a founda-
tion for future work on optimizing UTSL fabrication methods
and tuning the nanostructure of UTSLs for various applications.

Experimental section

Materials

Zinc acetate dehydrate (99.9%), 2-methoxyethanol (99.8%) and
monoethanolamine (99.5%) were purchased from Sigma-Aldrich.
Hydrogen peroxide (H,O,, 30%), sulfuric acid (H,SO,4, 98%), and
concentrated hydrochloric acid (HCI, 37%) were purchased from
Carl Roth GmbH & Co. KG. Silicon wafers (Si 100, p-type) were
purchased from Silchem Handels GmbH (Freiberg, Germany).
Gold (99.99%) for evaporation was purchased from Goldkontor
GmbH (Hamburg, Germany). Silver (99.999%) for sputtering was
purchased from Kurt J. Lesker (United States). All chemicals were
used as-received without further purification.

Preparation of ZnO and ZnO/Au substrates

ZnO sol (0.2 M) was prepared by dissolving zinc acetate
dehydrate in a mixed solution of 2-methoxy ethanol and
monoethanolamine (the molar ratio of monoethanolamine to
zinc acetate was kept at 1: 1) under continuous stirring at 60 °C
for 2 h.>* ZnO thin films were spin-coated on cleaned Si
substrates at 3000 rpm for 30 s, followed by an annealing
process on a hot plate at 250 °C for 30 min. The Si substrates

This journal is © The Royal Society of Chemistry 2024
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(ca. 15 mm x 12 mm) were cleaned in an acid bath comprising
54 mL deionized water, 84 mL H,0,, and 198 mL H,SO, for
20 min at 80 °C. For ZnO/Au substrates, Au surfactant was
evaporated on the as-prepared ZnO thin films up to a thickness
of 2 nm (0.2 A s™") under a vacuum of 10~ > mbar. Here, we chose
polished Si wafers, which have very smooth surfaces, as the
substrates for preparing ZnO and ZnO/Au thin films to ensure
good sample alignment before measurement and good signal
acquisition during the in situ GIWAXS/GISAXS measurements.

Preparation of UTSLs by sputter deposition

The sputter deposition of UTSLs on ZnO and ZnO/Au substrates
was realized by a HiPIMS system. The details of the self-built
sputter deposition chamber can be found in our previous
article.”" The sputter chamber was maintained under vacuum
conditions with a pressure of 0.36 Pa by using a vacuum pump
during all sputtering processes. Argon (Ar) was introduced into
the chamber controlled by a mass flow to create an Ar plasma
and trigger the sputter deposition. Therefore, the vacuum
conditions are a dynamic equilibrium between vacuumizing
and introducing Ar. The sputter parameters included a pulse
length of 20 ps with a frequency of 150 Hz, the average power
P =40 W, the voltage U = (952 + 4) V, and the peak current I =
(1.41 4 0.13) A ecm ™. The deposition rate J was determined by a
quartz crystal microbalance (QCM) of (0.312 + 0.006) nm s~ .
The deposition times were set at 5 s, 10 s, 20 s, and 30 s,
corresponding to the effective thicknesses of about 1.6 nm,
3.1 nm, 6.4 nm, and 9.4 nm. For the non-heated samples, the
sputter depositions were done at ambient temperature. Regarding
the samples prepared at 100 °C, the sputter depositions were
performed after the sample was heated (a heating module was
mounted in the sample stage) to 100 °C.

In situ GIWAXS/GISAXS measurements

The HiPIMS system was mounted on the P03/MiNaXS beamline
of the PETRA III storage ring at Deutsches Elektronen-
Synchrotron (DESY, Hamburg, Germany) to integrate with the
in situ GIWAXS/GISAXS setups.>® The photon energy of the
incidence X-ray was 11.72 keV, corresponding to the wavelength
of 1.058 A. The incident angle (;) was set as 0.4°. The sample-
to-detector distance (SDD) was set to 193.5 mm for GIWAXS and
3230 mm for GISAXS. 2D GIWAXS and GISAXS data were
collected by LAMBDA 9M (X-Spectrum, pixel size 55 um,
2 images per second) and Pilatus 2M (Dectris, pixel size
172 pm, 20 images per second) detectors, respectively. To avoid
possible X-ray radiation damage on the sample, the sample was
repeatedly moved along the horizontal direction during the
in situ GIWAXS/GISAXS measurements and checked for beam
damage with scans along the sample plane. The on-site photo-
graphs of the HiPIMS system and the whole experimental setup
for in situ GIWAXS and GISAXS measurements can be found
in the ESL}

FESEM, AFM, UV-vis, and sheet resistance measurements

The field-emission scanning electron microscopy (FESEM)
images were obtained by a high-resolution FESEM (Zeiss
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Gemini NVision 40, Germany) at a working distance of 3.5 mm
and an accelerating voltage of 5 kV. The atomic force micro-
scopy (AFM) images were obtained by a Nanosurf CoreAFM
system (Switzerland) with a tapping mode and processed by
Gwyddion.>® The ultraviolet-visible (UV-vis) spectra were mea-
sured by a Lambda 35 instrument (PerkinElmer, United States)
in normal-incidence reflectance mode with a wavelength range
of 300-800 nm. The scanning speed was set to 240 nm min "
with a step size of 1 nm. To determine the sheet resistances in
UTSL/ZnO (0ag = 9.4 nm) and UTSL/AU/ZnO (dag = 9.4 nm) thin
films, four-point probe measurements were conducted using a
Cascade Microtech (C4S-54/5) setup. The setup consisted of
four equidistant tungsten carbide tips, with a spacing of 1 mm
and tip radii of 125 um. The tips were mounted on a spring to
prevent piercing of the films. During the measurements, a
current I was applied to the outer two tips, while the inner
two tips measured the induced voltage U.

Results and discussion

We prepared ZnO thin films as the support for the growth of
UTSLs since ZnO has been widely used as supporting or

a)-
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functional layers for metal electrodes in various electronic
devices.””° Compared to other oxides, ZnO is an ideal support
for the formation of UTSL because Ag atoms could more easily
form strong bonds with Ag-O bonds due to the weak Zn-O
bonding.®® As shown in Fig. 1(a), the ZnO supports are fabri-
cated by spin-coating a ZnO sol on cleaned silicon (Si) sub-
strates. The details about the preparation of the ZnO sol can be
found in the Experimental section. The as-prepared ZnO sup-
port exhibited an irregular and rough surface morphology, as
shown by the FESEM images in Fig. 1(c). As illustrated in
Fig. 1(b), in the first step Au nanoparticles were evaporated
on the ZnO support, acting as the surfactant or seed layer for
the UTSL formation with an effective thickness (d,,) of 2 nm.
Here, the choice of d,y, = 2 nm for the pre-deposited Au
surfactant layer was based on balancing having sufficient space
between pre-deposited Au nanoparticles and minimizing the
effect of pre-deposited Au nanoparticles on the further growth
of Ag from the already existing metal loading.

As presented in Fig. 1(d), evaporated Au nanoparticles
(bright tiny dots) were homogeneously distributed on the sur-
face of the ZnO support with a diameter of 4.0 = 0.2 nm. The
thickness of the ZnO support was determined as 13.0 £+ 0.9 nm
by cross-section FESEM image analysis as shown in Fig. S1(a)

—_— —_—)
E‘ spin coating Ag sputtering
ZnO sol ZnO support (upto O =9.4nm)  giscontinuous UTSL
.
—_— —_— N\
E‘ spin coating Au evaporation Ag sputtering
(Oa = 2 nm) (up to Oag = 9.4 M)
Zn0O sol ZnO support ZnO support with Au surfactants continuous UTSL

c) Ag sputterlng on ZnO

(iv) 0 =6.4nm  [(v) 0= 9.4 nm

—
100 nm

Fig. 1 Schematic showing the preparation processes of HiPIMS sputter-deposited UTSLs (a) on the bare ZnO support and (b) the ZnO support with pre-
deposited Au surfactant or seed layer. FESEM images of sputter-deposited UTSLs on (c) the bare ZnO support and (d) the ZnO support with Au surfactant
at different thicknesses of the UTSL dag = 0, 1.6, 3.1, 6.4, and 9.4 nm, respectively.
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(ESIT). After the evaporation of the Au surfactant, the total
thickness of the ZnO support and the Au layer slightly increased
to 14.3 £+ 0.8 nm, as shown in Fig. S1(b) (ESIt). In the second
step, the UTSLs were deposited on ZnO supports without and
with Au surfactant via HiPIMS up to the effective Ag thickness
(0ag) of 9.4 nm. At first glance, the growth processes of the
UTSLs were revealed by FESEM at different effective Ag thicknesses,
as presented in Fig. 1(b) and (c). At da, = 3.1 nm, the deposited Ag
layer remains in discrete clusters on the bare ZnO support (Fig. 1(c-
iii)), whereas a mainly continuous Ag layer was already formed on
the ZnO support with Au surfactant (Fig. 1(d-iii)). On increasing the
effective Ag thickness to 9.4 nm, the deposited Ag layer still did not
form a completely continuous morphology, as shown in Fig. 1(c-v).
From the cross-sectional view (at effective deposited thickness
Jag = 9.4 nm), the average thickness of the total layer without Au
surfactant (Ag/ZnO) was 33.0 + 3.6 nm, which is thicker than
25.4 £+ 3.2 nm in the case with Au acting as the surfactant (Ag/Au/
ZnO0), as shown in Fig. S1(c) and (d) (ESIt). On subtracting the
thickness of bare ZnO or Au/ZnO thin film from the total thickness
after the HiPIMS deposition with ; = 9.4 nm, the real average
thickness of the deposited Ag layer on Au/ZnO was about 11.1 nm,
while the counterpart on the bare ZnO was about 20 nm. The
calculated real average thickness of the deposited Ag layer on Au/
ZnO (11.1 nm) was closer to the effective thickness of 9.4 nm after
the sputter deposition, indicating that the deposited Ag layer on Au/
ZnO was more homogeneous. It should be noted that in this work,
all descriptions related to the thickness of the deposited Ag layer
refer to the effective thickness instead of the real average thickness.
We also measured the roughness of deposited UTSLs by AFM, as
shown in Fig. S2 (ESI{). For the bare ZnO thin film, the root mean
square roughness (R;,s) was measured as 0.38 + 0.06 nm. After Ag
sputter deposition, the Ry, increased to 5.2 & 1.5 nm at Jag =
3.1 nm and then further increased to 7.5 & 1.4 nm at 5, = 9.4 nm.
In contrast, the R.,s of Au/ZnO thin film was 0.62 + 0.07 nm,
which is higher than that of the bare ZnO thin film, due to the
existence of pre-deposited Au nanoparticles. After the subsequent
Ag deposition, the Ry, also increased to 3.3 £ 0.8 nm at d,y =
3.1 nm and 7.2 £ 1.8 nm at 5, = 9.4 nm. This indicates that the
existence of pre-deposited Au surfactant can lower the roughness of
the deposited Ag layer, especially at low effective thickness. With
increasing the Ag loading by sputtering, such effect was reduced,
resulting in the comparable R, of the deposited Ag layers with
and without Au surfactant at d,, = 9.4 nm. The increased effective
thickness of the whole metallic layer due to the presence of the pre-
deposited Au nanoparticles also contributed to the reduction of
roughness.

The optical responses of these UTSL/ZnO and UTSL/Au/ZnO
thin films were measured using UV-vis reflectance spectra, as
shown in Fig. S3 (ESIt). With the increase in of the effective Ag
thickness 0,q, the reflectance within the visible range (400-
800 nm) of both the UTSL/ZnO and UTSL/Au/ZnO thin films
also increased due to the accumulation of sputter-deposited Ag.
Compared with the UTSL/ZnO thin films, the reflectance of
UTSL/Au/ZnO thin films was higher because of the more
compact morphology of the deposited Ag layers.® The con-
ductivities (¢) of UTSL/ZnO (d55 = 9.4 nm) and UTSL/Au/ZnO
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GIWAXS detector
GISAXS detector

reflected X-ray beam
scattered X-ray beam

sputtered Ag atoms

incident X-ray beam
UTSL in formation
Au surfactant

ZnO support

Si substrate

Fig. 2 Schematic of the formation of ULSL by HiPIMS Ag sputter deposi-
tion on the ZnO support with Au surfactant (pre-deposited Au nano-
particles), investigated via in situ GIWAXS and GISAXS measurements.

(0ag = 9.4 nm) thin films were determined by sheet resistance
measurements, as shown in Fig. S4 (ESIf). As a result, the o
value of UTSL/Au/ZnO (05, = 9.4 nm) thin films was calculated
as (9.3 + 2.6) x 10° S em ™, which is higher than that of (4.5 +
1.0) x 10° S em ™" of UTSL/ZnO (Jag = 9.4 nm) thin films. The
increased conductivity of UTSL/Au/ZnO (dsg = 9.4 nm) thin
films is attributed to its more continuous Ag film morphology.

To investigate the effect of the Au surfactant on the for-
mation of the UTSL on a ZnO support, we simultaneously
applied time-resolved in situ GIWAXS and GISAXS measure-
ments to decode the growth process of the UTSLs during the
sputter deposition, as illustrated by Fig. 2. ZnO supports on Si
substrates were placed directly below the Ag target in a HiPIMS
sputter chamber. During the Ag sputter deposition process, the
incident X-ray beam impinges onto the sample with a very low
incident angle, and the scattered signals are recorded by a 2D
GIWAXS detector with a short SDD and a 2D GISAXS detector
with a long SDD simultaneously. The time resolutions of
GIWAXS and GISAXS recording were 0.5 and 0.05 s, respec-
tively, yielding 2 and 20 2D GIWAXS and 2D GISAXS data
per second. More details about the sputter deposition and the
in situ X-ray scattering measurements are provided in the
Experimental section and Fig. S5 (ESIt).

We investigated the crystalline structure evolution of
sputter-deposited Ag layers on ZnO supports without and with
Au surfactant based on the in situ GIWAXS data. As shown in
Fig. 3(a) and (b), the evolution of the in situ GIWAXS data as a
function of the effective Ag thickness provides crystalline
information of the sputter-deposited Ag and ZnO support (Au
surfactant). Data were plotted as azimuthally integrated line
profiles of the 2D GIWAXS data (selected raw data are shown in
Fig. S6, ESIT) recorded during the Ag sputter processes. With
ongoing Ag sputter deposition, the Ag (111) and Ag (200) peaks
of the face-centered cubic (fcc) structure formed on both
supports at g = 2.6 A and g = 3.0 A, respectively.®>® As indicated
by the dashed lines in Fig. 3(a) and (b), on the ZnO support with
Au surfactant, the formation of crystallized Ag clusters (at d55 ~
0.8 nm) appeared earlier than that (at §,; ~ 1.8 nm) on the bare
ZnO support. The signals from both ZnO supports were also
recorded in a broad region of g & 2.1-2.4 A. Compared with the
scenario on the bare ZnO support, the ZnO support with Au
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Fig. 3 Evolution of in situ GIWAXS data plotted as azimuthally integrated line profiles of the 2D GIWAXS data as a function of dag during the HiPIMS Ag
sputter deposition processes on (a) the bare ZnO support and (b) the ZnO support with Au surfactant. Selected azimuthal integrations of the 2D GIWAXS
data for the Ag sputter processes on (c) the bare ZnO support and (d) the ZnO support with Au surfactant at different 4. Evolutions of fitted (e) intensities
and (f) FWHM values of the Ag (111) peak as a function of g during the Ag sputter processes on the bare ZnO support and the ZnO support with Au
surfactant. The gray areas refer to the resolution of extracting the intensities and FWHM values of the Ag (111) peaks.

surfactant showed ZnO-related peaks with a better degree of
separation, which was attributed to the increased contrast in
the presence of the Au nanoparticles. For a clearer presenta-
tion, we separately plotted several azimuthal integration lines
of 2D GIWAXS data for the Ag sputter processes on both
supports at selected Ag effective thicknesses, as shown in
Fig. 3(c) and (d). In Fig. 3(d), the ZnO-related peaks can be
clearly distinguished as ZnO (100), ZnO (002), and ZnO (101)
peaks,®"®® whereas the corresponding signals (indicated by the
dashed-line box) in the same region in Fig. 3(c) are hardly
distinguishable from each other. This observation is also
evidence that the pre-deposited Au nanoparticles enhanced
the contrast in the GIWAXS signal. The signal of the Au (111)

2278 | Nanoscale Horiz., 2024, 9, 2273-2285

peak from the pre-deposited Au surfactant was also detected
before the start of the Ag sputter deposition. Due to the quite
close position of the Au (111) and Ag (111) peaks, the signal of
the Au (111) peak was obscured by the increased signal of the
Ag (111) peak with ongoing Ag deposition. We applied Gaussian
functions to fit the azimuthal line profiles of the 2D GIWAXS
data for both sample types, obtaining the intensity and evolu-
tions of the Ag (111) peaks, as shown in Fig. 3(e) and (f),
respectively. During the sputtering process, the intensities of
the Ag (111) peaks from both ZnO supports exhibited an
increasing trend, indicating the formation of crystallized Ag
clusters and an increase in the crystallinity of the Ag clusters.
As shown in Fig. 3(e), the intensities of the Ag (111) peak during

This journal is © The Royal Society of Chemistry 2024
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Ag HiPIMS sputter deposition on the ZnO support with Au
surfactant were higher than those during Ag sputtering on the
bare ZnO support, meaning that the crystallinity of the formed
Ag clusters was higher. The full width at half maximum
(FWHM) values of the Ag (111) peaks of the formed Ag crystals
on both ZnO supports exhibited a similar decreasing trend with
increasing effective Ag thicknesses, referring to the increased
crystallite size of the Ag clusters during the sputter deposition
processes as extracted from the Scherrer equation.®® In the
latter part of the sputter deposition process (0, > 4 nm), the
FWHM values of the Ag (111) peak on the bare ZnO support
started to become slightly lower than during the Ag sputtering
on the ZnO support with Au surfactant, indicating the slightly
larger size of the Ag crystals.

The morphology evolution of HiPIMS sputter-deposited Ag
clusters is pivotal in understanding the UTSL formation
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process and how the Au surfactant could affect the formation.
Therefore, we focused on decoding the morphology evolution
during the formation processes of sputter-deposited UTSLs on
both the bare ZnO support and the ZnO support with Au
surfactant, based on the analysis of the in situ GISAXS data.
The overviews of the UTSL formation processes on both ZnO
supports are presented by contour plots of the horizontal line
cuts of the in situ 2D GISAXS data recorded during the Ag
sputter deposition processes (selected raw data are shown in
Fig. S7, ESIY), as shown in Fig. 4(a) and (b). For both cases, the
similar low g,-direction-shift trends of the Ag cluster peaks
(as indicated by the white arrows) refer to the reduction of the
distances between the deposited Ag clusters due to the contin-
uous coalescence and growth of the Ag clusters. In Fig. 4(a), an
initial stage (J5 < 0.9 nm, as indicated by the white dash line)
for the nucleation and Ag cluster formation can be recognized.
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Fig. 4 Mapping of the horizontal line cuts of the in situ 2D GISAXS data as a function of dag during the HiPIMS Ag sputter deposition on (a) the bare ZnO
support and (b) the ZnO support with Au surfactant. The evolution of average real space parameters as a function of the da4: radius of the Ag cluster R and
the correlation distance between Ag clusters D, for Ag sputter deposition on (c) the bare ZnO support and (d) the ZnO support with Au surfactant. The
evolution of morphological parameters as a function of the dag: Ag cluster diameter to distance ratio 2R/D, Ag layer surface coverage 0, and Ag layer
porosity @, for Ag sputter deposition on (e) the bare ZnO support and (f) the ZnO support with Au surfactant.
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This initial stage initially formed nuclei and tiny clusters with
sizes beyond the resolution limit of the GISAXS detection range.
In contrast, Fig. 4(b) shows a pair of peaks located symmetri-
cally at g, ~ + 0.2 nm ", and the second-order peaks at higher
gy values could be detected from the very beginning of the Ag
sputter deposition. This signal originates mainly from the
contribution of pre-deposited Au nanoparticles. Compared to
the Ag atoms that were just deposited on the ZnO surface, the
pre-deposited Au nanoparticles were large enough to contribute
a scattering signal in the current GISAXS geometry. With
ongoing Ag sputtering, the symmetrical peaks remained at
constant positions until d,;, & 4 nm with increasing peak
intensity. This behavior indicates that the pre-deposited Au
nanoparticles play the role of a template for Ag growth. In the
beginning and early stages of the Ag sputtering, parts of the Ag
atoms and small clusters accumulated around the Au nano-
particles with a relatively stable inter-distance, corresponding
to the constant peak position and increased peak intensity,
which will be discussed later. The peaks were still visible at the
end of the Ag sputtering (0, ~ 9.4 nm) but slightly shifted
towards lower g, values, indicating that the template effect
became weaker with increasing the Ag loading. Large Ag
clusters gradually dominated the signal contribution in the
later stage of the Ag sputtering. These changes in the peak
position and intensity can be seen in the plot of the horizontal
line cuts of the 2D GISASX data, as shown in Fig. S8(b) (ESIY).

To quantitatively determine the morphology evolution of
sputter-deposited UTSLs on both substrates, the bare ZnO
support and the ZnO support with Au surfactant, we applied
a geometrical model to extract several average real-space para-
meters related to the growth behavior of UTSLs from the in situ
GISAXS data. This geometrical model assumes that the sputter-
deposited metal clusters are hemispherical with a radius R and
are distributed in a local hexagonal arrangement with a corre-
lation distance D. The determination of the correlation distance
D can be based on the relation D ~ 2 g; ', where g; signifies
the fitted position value of Ag cluster peak derived from the
horizontal line cuts of the in situ GISAXS data. Fits were
accomplished by using a linear combination of the Lorentzian
and Gaussian functions. Regarding the average radius R, the
determination was realized by an equal volume assumption. A
detailed description of the geometrical model can be found in
Fig. S9 (ESIY) (and the corresponding description), and also in
previous publications.*>®” Fig. 4(c) and (d) present the evolu-
tion of the average radius R and the correlation distance D for
the sputter-deposited Ag clusters on bare ZnO and ZnO with Au
surfactant supports, respectively. It should be noted that we
only fit a part of the horizontal line cuts of the in situ GISAXS
data within the 65, < 3.4 nm range of the sputter deposition
processes because the contrast of the Ag cluster peaks
decreased fast with increasing d,, so that it was no longer
distinguishable in the fits. For the Ag sputter deposition on the
bare ZnO support, the fit process started from ,, = 0.9 nm due
to the resolution limitation as mentioned above. Specifically,
the average radius R of sputter-deposited Ag clusters on the
bare ZnO support increased from 2.4 + 0.1 nm to 5.7 + 0.4 nm
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when the 0,4 increased from 0.9 nm to 3.4 nm; meanwhile, the
correlation distance D increased from 6.2 £+ 0.5 nm to 11.5 £
1.3 nm. In comparison, when sputtering Ag on ZnO with Au
surfactant support, the average radius R of sputter-deposited Ag
clusters increased from 0.9 + 0.1 nm to 5.3 &+ 0.1 nm when the
Oag increased from 0 nm to 3.4 nm; at the same time, the
correlation distance D increased from 7.5 £+ 0.1 nm to 10.4 +
0.1 nm. Notably, as presented in Fig. 4(d), in the initial stage of
Ag sputter deposition on the ZnO support with Au surfactant
(0ag < 0.5 nm), the correlation distance D of Ag clusters almost
stabilized at around 7.5 £+ 0.1 nm while the average radius R
increased from 0.9 &+ 0.1 nm to 2.3 + 0.1 nm. This can be
attributed to the assumption that during the initial stage of Ag
sputter deposition, the pre-deposited Au nanoparticles acted as
fixed nuclei to adsorb Ag adatoms, which promoted the faster
formation of Ag clusters and further formation of the UTSL.
Based on the obtained average radius R and correlation dis-
tance D of sputter-deposited Ag clusters, we further calculated
several morphological parameters during the Ag sputter deposi-
tion on both, the bare ZnO support and the ZnO support with
Au surfactant, including the Ag cluster diameter to distance
ratio 2R/D, the Ag layer surface coverage 0, and the Ag layer
porosity @. The evolution of these morphological parameters
with the increasing values of d,, during the Ag sputter deposi-
tion on both the bare ZnO support and ZnO support with Au
surfactant are presented in Fig. 4(e) and (f), respectively. For
both cases, the diameter-to-distance ratios 2R/D of Ag clusters
increased during the sputter deposition processes due to the
continuous growth of sputter-deposited Ag clusters. The point
when 2R/D =1 is regarded as an important indicator when most
of the deposited Au clusters interconnect with each other and
form compact regions at local areas, which is the so-called
percolation threshold. The percolation threshold theoretically
refers to when sputter-deposited Ag clusters form a UTSL with
mostly continuous morphology. We observed that the percola-
tion threshold of the UTSL formed by Ag sputter deposition on
the ZnO support with Au surfactant was reached at a lower
thickness of d,, = 2.9 & 0.1 nm when compared to that without
Au surfactant (§az = 3.3 & 0.1 nm). Correspondingly, the surface
coverage 0 increased during both sputter processes because of
the Ag accumulation and the porosities of Ag layers decreased
inversely, following both the general trend of faster changes
due to the presence of the Au surfactant layer. It should be
noted here that the percolation thresholds of UTSLs extracted
from the in situ GISASX data are theoretical values based on the
geometric model mentioned above. Due to the assumption of a
homogeneous distribution of Ag clusters, these values should
slightly underestimate percolation. Additionally, compared
with the data in Fig. 4(d) and (f), the fitted and further
calculated data in Fig. 4(c) and (e) have larger error bars. This
is attributed to the lower GISAXS signal contrast in the case of
Ag sputter deposition on the bare ZnO support, which was also
found in the GIWAXS data.

Based on such an analysis, we proposed a possible mecha-
nism to elucidate the effect of the Au surfactant on the
formation of the UTSL on the ZnO support, which suggests

This journal is © The Royal Society of Chemistry 2024
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that the pre-deposited Au nanoparticles act as nuclei or growth
cores for the formation of fixed Ag clusters. This effect can lead
to the formation of a continuous and smooth UTSL prepared by
HiPIMS with less Ag loading. Fig. 5 schematically illustrates
(based on a local perspective) the growth processes of UTSLs on
both types of investigated ZnO supports and highlights the
differences between them. As shown in Fig. 5(a), on the bare
ZnO support, sputter-deposited Ag normally follows a typical
3D growth mode with four stages, following typical metal
growth as seen before with in situ GISAXS analysis.”" At the
very beginning of the Ag sputter deposition, sputtered Ag atoms
were deposited on the surface of the ZnO support and then
nucleated and further grew into small clusters. This stage is
defined as nucleation and cluster formation, in which formed
Ag clusters start to enrich the GISAXS scattering signal at
high g, values. The newly formed small Ag clusters have a
high surface energy and high mobility, leading to the growth of
larger Ag clusters dominated by a continuous diffusion-
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mediated coalescence. With the growth of Ag clusters, their
mobility and coalescence are significantly limited. Therefore, in
the following stage, the growth of the Ag cluster is mainly
derived from the adsorption of Ag atoms. After approaching the
percolation threshold, the growth of Ag clusters is laterally
restricted and then the further growth is mainly dominated by
the accumulation of sputtered Ag along the vertical direction.
In contrast, in the case of the sputtered Ag deposition on the
ZnO support with Au surfactant, the Au surfactant-assisted
accelerated growth mode of Ag is illustrated in Fig. 5(b).
According to our assumption, the pre-deposited Au nano-
particles act as nuclei or growth cores that can adsorb sputtered
Ag atoms, resulting in the fast formation of large and fixed Ag
clusters. This is mainly attributed to the lower adsorption energy
of Ag to Au compared to that of Ag to ZnO. In the areas without
Au nanoparticle coverage, sputtered Ag atoms still undergo the
nucleation and small cluster formation process by themselves.
Thus, the existence of pre-deposited Au nanoparticles causes a

b) Ag sputtering on ZnO with Au surfactant
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Fig. 5 Schematically localized growth processes of UTSLs (up to the percolation threshold) created via the HiPIMS sputter deposition of Ag on (a) the
bare ZnO support and (b) the ZnO support with Au surfactant, illustrating how the Au surfactant facilitates the growth of UTSL on a ZnO support.
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(iv) 6 = 9.4Am

Fig. 6 FESEM images of sputter-deposited UTSLs at 100 °C on (a) the bare ZnO support and (b) the ZnO support with Au surfactant at different

thicknesses of the UTSL dag = 1.6, 3.1, 6.4, and 9.4 nm, respectively.

part of the sputtered Ag atoms to skip the stage of nucleation and
small cluster formation. After the formation of fixed Ag clusters
around the Au nanoparticles, the further growth of sputtered Ag
was similar to the case without Au surfactant, with the subsequent
stages of diffusion-mediated coalescence, adsorption-mediated
growth, and finally reaching percolation. From an overview per-
spective, the pre-deposited Au nanoparticles can be regarded as
anchor points on the surface of the ZnO support, which can
shorten the distances of Ag clusters to approach the percolation in
local areas and therefore secure the formation of a continuous
UTSL. The existence of a pre-deposited Au surfactant leads to a
more uniform distribution of formed Ag clusters compared to the
case without Au surfactant, resulting in a thinner Ag layer
(a reduction of the real average thickness as shown in Fig. S1,
ESIt). This finding also agrees with results from cross-sectional
FESEM images. On the other hand, the increased effective thick-
ness of the whole metallic layer due to the pre-deposited Au
nanoparticles should be considered, which also contributes to the
reduction of both the roughness and real average thickness.

To further demonstrate the positive effect of the pre-deposited
Au surfactant on forming continuous UTSLs, we also prepared a
series of UTSLs on ZnO and ZnO/Au supports, respectively, by
using HiPIMS at a substrate temperature of 100 °C and with all
other parameters being unchanged. FESEM images of these UTSLs
prepared at 100 °C are presented in Fig. 6. Generally, high
temperature negatively affects the formation of a continuous metal
layer during sputter deposition due to the higher energy of the
substrate induced by the thermal effect. This behavior is seen in
the comparison of Fig. 1(c) and 6(a). On the bare ZnO support, the
deposited UTSL at ambient temperature covered almost all areas
of the ZnO underneath at d,, = 9.4 nm (Fig. 1c-v), while the USTL
deposited at 100 °C still exhibited a large part of the voids at the
same effective thickness (Fig. 6a-iv). However, with the assistance

2282 | Nanoscale Horiz., 2024, 9, 2273-2285

of the pre-deposited Au surfactant, even at 100 °C the deposited Ag
could still form an almost continuous layer at oy = 6.4 nm, as
shown in Fig. 6(b-iii). Therefore, the positive effect of the Au
surfactant on the formation of a continuous UTSL was also found
at higher temperatures.

Conclusions

With HiPIMS, we prepared ULSTs on both a bare ZnO support
and a ZnO support with an Au surfactant or seed layer.
As already seen with FESEM images, the existence of the Au
surfactant (i.e. the pre-deposited Au nanoparticles) or seed layer
on a ZnO support has a huge effect on the growth behavior
despite using HiPIMS, which as a method itself provides
nucleation sites. In more detail, HiPIMS in combination with
the pre-deposited Au layer led to the formation of the UTSL with
a continuous morphology at a lower effective Ag thickness Jaq
than that without Au surfactant. The as-prepared Ag/Au/ZnO
(0ag = 94 nm) thin film exhibited a higher conductivity than
that of the Ag/ZnO (5, = 9.4 nm) thin film. Based on in situ
GIWAXS and GISASX measurements, the effects of the Au
surfactant on the formation of HiPIMS sputter-deposited UTSLs
on ZnO supports were decoded. According to the in situ
GIWAXS data, Ag crystals with Ag (100) and Ag (200) fcc
structures were formed on both types of ZnO supports, irre-
spective of the Au surfactant. However, the existence of the Au
surfactant gave rise to Ag crystals with better crystallinity.
By extracting the FWHM values of the Ag (111) peaks, the
similar decreasing trends of the FWHM values during both
Ag sputter deposition processes indicated the continuous size
growth of the Ag crystals. In the case of d,, > 4 nm, the slightly
lower FWHM values of the Ag (111) peaks indicate the slightly

This journal is © The Royal Society of Chemistry 2024
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larger size of Ag crystals when the Au surfactant is present.
The detailed morphology evolution of the sputter-deposited Ag
clusters on both ZnO supports was revealed by in situ GISAXS
measurements. For the growth of HiPIMS sputter-deposited Ag
clusters, the Au surfactant enabled the theoretical percolation
threshold to be reached faster at a lower effective Ag thickness
of dag = 2.9 £ 0.1 nm compared to J,; = 3.3 = 0.1 nm on the
bare ZnO support.

In summary, we have demonstrated that HiPIMS, a techni-
que for the fast formation of ultra-thin metal layers, can be
further improved by using pre-deposited metallic surfactant or
seed layers. In this work, the pre-deposited Au surfactant
(nanoparticles) can act as the nuclei or growth cores for
sputtered Ag atoms, leading to the formation of large and fixed
Ag clusters and finally, a continuous and smooth UTSL for-
mation by the HiPIMS process. Even at a temperature of 100 °C,
the pre-deposited Au surfactant still presented a positive effect
and led to the formation of an almost continuous UTSL at 0, =
6.4 nm. The outcomes of this work could inspire the tailoring of
the morphology of sputter-deposited UTSLs in cases with or
without Au surfactant, which is significant for the applications
of TCEs in various electronic devices.
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