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ARTICLE INFO ABSTRACT

Keywords: The integration of silver thin films into optoelectronic devices has gained much interest due to their exceptional
Early growth properties in terms of conductivity and compatibility with flexible substrates. For this type of application, ultra-
HiPH\_AS thin layers are desirable, because of their optical transparency. Standard direct current magnetron sputtering
EE;I::PIMS (DCMS) is known to lead to undesirable formation of islands at low effective film thicknesses on typical sub-
GISAXS strates like SiO; or polystyrene (PS). Therefore, in this study, we explore high-power impulse magnetron sput-

tering (HiPIMS) with optional further acceleration of metal ions by biasing the substrate or an additional positive
pulse (bipolar HiPIMS) for the fabrication of ultra-thin silver layers. The morphology and electrical properties of
ultra-thin silver layers with selected effective thicknesses are characterized on SiOy and PS substrates. The
growth evolution of characteristic parameters is further investigated by in-situ grazing-incidence small-angle X-
ray scattering (GISAXS). The results show that HiPIMS deposition yields films with a higher density of clusters
than DCMS leading to a percolation threshold at lower effective film thicknesses. This effect is amplified by
further ion acceleration. Thus, we suggest HiPIMS as a promising technique for fabricating ultra-thin, conductive
layers on organic and oxide substrates.

SiO,/PS substrate

1. Introduction

Due to the insulating nature of most organic substrates, electrically
conductive layers are essential components for organic electronics.
Therefore, noble metals offering excellent conductivity and adequate
elasticity are promising candidates for the development of high-
performance conduction layers. Especially, the integration of thin sil-
ver films into organic electronic devices has gained considerable
attention due to their potential combination of excellent electrical
conductivity, optical transparency, and compatibility with flexible
substrates. These films serve as essential components in various organic
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electronic applications [1], including organic light-emitting diodes
(OLEDs) [2], organic photovoltaic cells (OPVs) [3-6], organic photo-
diodes [7], organic field-effect transistors (OFETs) [8], and sensors [9].
Sputter deposition offers meticulous control over the deposition of
thin films, ensuring precision in terms of thickness, uniformity, and
morphological characteristics, essential factors for optimizing device
performance [10]. The versatility of sputter deposition techniques, such
as direct current magnetron sputtering (DCMS) and radio frequency (RF)
sputtering, allows for the deposition of films on various substrates,
including flexible and temperature-sensitive materials, such as poly-
ethylene terephthalate (PET) fabric [11] or polyimide foil [12].
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Despite the afore-mentioned versatility, sputter deposition of ultra-
thin metal layers remains challenging. Poor surface coverage and
roughness necessitate extra fabrication steps, adding to the already high
level of complexity and cost for vacuum systems [13,14]. Thus, it would
be favorable to simplify the fabrication.

In addition to DCMS, pulsed DCMS, or RF sputtering as long estab-
lished physical vapor deposition (PVD) methods, HiPIMS received a lot
of interest in research and industry during the last two decades, as it can
offer improved coating properties in many fields [15-20]. These effects
stem from the operation of the magnetron, i.e., the plasma, with very
short, intense pulses with a duty cycle below 5 % [21]. This concen-
tration of power in short pulses results in a very dense plasma leading to
a high fraction of ionized target material (typically up to 80 %)
compared to DCMS typically not exceeding a few percent. These ions
exhibit a higher kinetic energy (up to multiples tens of eV) that can
influence film growth drastically [22,23]. For metals, HiPIMS conditions
can result in films with lower roughness, higher conductivity, or larger
grain sizes [24,25]. For polymer substrates, as used in this work, an
increased film adhesion caused by ion etching is of great interest, as it
can reduce the necessity of pre-treatment [26,27] or stabilize patterned
surfaces [28].

The kinetic energy of ions can be further increased and tuned by
biasing the substrate or by applying an additional positive pulse after the
main negative pulse (bipolar HiPIMS) [20,29]. The main advantage of
bipolar HiPIMS (BP-HiPIMS) is that it remains functional for insulating
substrates. The fine control of ion energies enables tuning of several
physical and morphological film properties, e.g., surface roughness,
crystallinity, hardness, and density [30-32]. These potential advantages
promote the use of HiPIMS despite its higher power supply requirements
and commonly reported reduced deposition rate at the same average
power compared to most DCMS processes [33].

Observation of early-stage growth stages necessitates a high resolu-
tion in space and time. Thus, grazing-incidence small-angle X-ray scat-
tering (GISAXS) as a non-invasive and versatile scattering method,
capable of exploring the interface between the substrate and the
developing deposited thin metal film in situ, is chosen [34]. The main
advantages of GISAXS, in comparison to direct imaging methods such as
atomic force microscopy (AFM) or scanning electron microscopy (SEM),
include greater statistical relevance due to a significantly larger scanned
area and a larger probing depth, enabling a study of structures in the
subsurface region [35].

The development of nanostructure during film formation of noble
metals on polymers has been studied extensively via DCMS in the past
and provides a solid foundation for comparison, data evaluation and
interpretation [36-38]. Especially the reported effect of the deposition
rate during nucleation has to be considered when comparing different
deposition conditions [39].

Despite the broad interest in application of ultra-thin percolated Ag
thin films, the role of the early stages of silver film growth for the
resulting film properties has not been studied with respect to the effects
of HiPIMS and a further increased ion energy by a substrate bias or BP-
HiPIMS.

In this study we compare DCMS and HiPIMS deposition of Ag on
technologically relevant substrates, namely SiO, and PS. The aim of this
study is to explore the impact of ion acceleration on the early stage
growth of Ag. An optional fixed DC substrate bias is utilized for DCMS
and HiPIMS alike. Additionally, BP-HiPIMS is applied to compare the
different approaches of ion acceleration. As substrates, pre-cleaned Si
wafers with a native oxide layer are used as a well-defined reference,
and spin-coated polystyrene films are used as the polymeric surface, e.g.,
used for organic field-effect transistors (OFETs) [40]. The morphology of
ex-situ samples at different film thicknesses is analyzed by scanning
electron microscopy (SEM) and the films resistances are tested. For
DCMS and HiPIMS with a grounded substrate, in-situ GISAXS mea-
surements are conducted to gain a profound understanding of film for-
mation from early stages until a closed film is formed.
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2. Materials and methods

Silicon wafers (N-type, (100), Siegert Wafer), diced into 12 x 15
mm? pieces are cleaned in an ultrasonic bath, first in acetone and
consecutively in isopropanol for 10 min each. The cleaned silicon wafers
possess a native oxide layer and are used directly as substrates. Poly-
styrene (320,000 g/mol, Carl Roth GmbH + Co. KG) is dissolved in
toluene (99.8 %, Carl Roth GmbH + Co. KG) with a concentration of
21.6 mg/ml. For a complete dissolution, the solution undergoes heat
treatment at 45 °C and is stirred for 1 h. The cleaned silicon pieces are
coated with PS in a spin coater (WS-650MZ-23NPPB, Laurell Technol-
ogies Corporation). Using static dispense spin coating, 250 uL solution
are applied and with a delay of maximum 10 s the piece is rotated at 6
krpm for 60 s with an acceleration of 3 krpm/s. The resulting thickness
of PS thin films is measured with a profilometer (DektakXT, Bruker
Corporation) to be d = (40 + 10) nm preventing any influence of the
underlying Si substrate on the growth of the silver layers [41].

A custom-built sputter deposition chamber for synchrotron experi-
ments is used [28]. The unbalanced magnetron with Ag-target (diameter
2" (50.8 mm), thickness 0.125" (3.175 mm), 99.99 % purity) can be
operated with DCMS, HiPIMS or BP-HiPIMS. For DCMS an MDX 500
(Advanced Energy), for HiPIMS a HiPSTER 1 (Ionautics AB) charged by
a SR-1-N-1200 (Technix) and for BP-HiPIMS an IMPULSE 2-2 (Starfire
Industries) charged by a M600DC-PS (Prevac) were used. The chamber
is evacuated to a pressure of 10~® mbar before a flow of 10 sccm Ar
(99.999 % purity) is introduced by a mass flow controller (AX-MC-
200SCCM-D, Apex Vacuum LLC) to reach a pressure of 0.35 Pa. The
deposition rate is monitored by a quartz crystal microbalance STM-100
(Sycon Instruments). For DCMS, the discharge voltage is displayed by
the power supply, in case of (BP-)HiPIMS, the voltage and current
waveforms of pulses are monitored by an oscilloscope DSO1002A
(Agilent Technologies) connected to the monitoring ports of HiPSTER 1
or IMPULSE 2-2. When the discharge has reached a steady state, the
synchrotron measurement starts and the deposition begins by opening a
pneumatic shutter controlled by the beamline. Precise measurements for
the deposition rate for each sample are performed via GISAXS
evaluation.

For fabrication of ex-situ samples with a defined film thickness, the
deposition rate is determined beforehand by a profilometer (DektakXT,
Bruker) for an Ag film thickness of at least 250 nm. The deposition rate is
assumed to be constant over time, i.e., the film thickness is assumed to
increase linearly, independent of growth state. Table 1 shows an over-
view of experimental parameters for ex-situ deposition. The parameters
for in-situ samples are shown in Table 2. The slight differences between
in-situ and ex-situ parameters is due to the optimization of ex-situ pa-
rameters to enhance the effect of ion energies based on findings from the
in-situ studies. Figures S1-S4 show the temporal evolution of voltage and
current of HiPIMS with the parameters used in this study. An automated

Table 1
Experimental parameters for ex-situ deposition conditions. For BP-HiPIMS,
respective values for the negative and positive pulse are displayed.

Parameters DCMS DCMS HiPIMS HiPIMS BP
-ground -bias -ground -bias -HiPIMS

Voltage (V) -310 —-960 —991/

+60

Pulse Length (ps) — 20 20/200

Delay (us) - - 5

Frequency (Hz) - 150

Avg. Power (W) 21 32 37

Peak Current Density (A/ 0.003 0.80

sz)

Degree of Ionization (%) 3.5 58.2

Pressure (Pa) 0.35

Ar Flow /(sccm) 10

Substrate Bias (V) Gnd -60 Gnd —60 Gnd

Deposition Rate (A/s) 2.8 2.7 2.0 1.6 1.8
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Table 2

Experimental parameters for in-situ deposition conditions.
Parameters DCMS DCMS HiPIMS HiPIMS

-Si0, -PS -Si0, -PS

Voltage (V) -313 -310 —672 —976
Pulse Length (ps) - 20
Frequency (Hz) — 810 150
Avg. Power (W) 27 23 35 40
Peak Current Density (A/cmz) 0.004 0.004 0.26 1.14
Pressure (Pa) 0.35
Ar Flow (sccm) 10
Substrate Bias (V) Gnd
Deposition Rate (A/s) 3.3 2.7 2.7 2.6

pneumatic shutter system allows a deposition time control with + 0.1 s
precision for achieving the respective desired film thickness.

For detection of sputtered ions and neutrals, a Quantum System
(Impedans Ltd.) consisting of a combination of a retarding field energy
analyzer (RFEA) and a quartz crystal microbalance (QCM) as collection
electrode is used [42]. Hence, this system can measure the ion energy
density function (IEDF) and degree of ionization at the position of the
substrate. The IEDF is measured by monitoring the current at the
collection electrode while ramping the repelling voltage for blocking
ions depending on their kinetic energy. For determining the degree of
ionization of the target material, the frequency of the QCM is monitored
while the repelling voltage is switched 10 times between two states:
either blocking no ions (0 V) or blocking all ions (4200 V). The duration
of each state is set to 10 s. Thus, the change of frequency is either related
to neutrals and ions or just neutrals. The sensor itself is grounded.

Field emission scanning electron microscopy images were taken with
a Zeiss Gemini Ultra55 Plus (Carl Zeiss) at a low acceleration voltage of
2kV and alow working distance of ~ 2 mm with the in-lens detector. For
visualization and normalization of brightness and contrast the software
GIMP (GIMP Development Team, version 2.10.32) is used. The software
ImageJ (Wayne Rasband, version 1.54d) was used to systematically
analyze the surface coverage. One exemplary image processing neces-
sary for determining surface coverage is shown in Figure S5. Typical
structure size is determined by intersect method for seven lines per
image.

The in-situ grazing-incidence small-angle X-ray scattering (GISAXS)
experiments were conducted at the microfocus small- and wide-angle X-
ray scattering (MiNaXS) beamline P03 at the synchrotron PETRA III at
DESY [43]. The X-ray with a wavelength of A = 0.105 nm and a size of
around 30 x 25 pum? hits the sample at an incident angle of 0.4°. At a
distance of 3.415 m behind the samples, a Dectris Pilatus 2 M detector
with a pixel size of 172 x 172 um? is used to record at framerate of 20
frames per second during sputter deposition. To minimize scattering at
air after the sample, an evacuated flight tube is placed in front of the
detector. The DPDAK software package (version 1.5) is used for the data
processing of 2D GISAXS detector patterns [44]. Figure S6 shows the
sputter deposition chamber mounted at beamline P03.

The resistance of the silver thin films is measured with a custom-built
probe card with spring contacts attached to Signatone H-150 probe
station with plateau lift. The spring contacts at a distance of 9 mm to
each other ensure optimal contact and as less damage to the surface as
possible. The contacts are connected to an HP 34401A (Hewlett-Pack-
ard) operated in 2-wire mode. The resistance at three positions on each
sample is recorded.

3. Results and discussion

Silver is deposited on SiO, and PS for different PVD conditions in
order to investigate the influence of ionization and kinetic energy of
silver atoms on the morphology, growth kinetics and electrical
resistance.

Therefore, the ion energy density functions and degrees of ionization
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for the different PVD methods used in our study are determined be-
forehand. Afterwards, ex-situ samples for certain film thicknesses are
characterized by SEM and electrical measurements for DCMS and
HiPIMS with either grounded or biased substrate and for BP-HiPIMS. At
last, for selected parameters (DCMS-ground and HiPIMS-ground) in-situ
GISAXS studies are discussed in detail.

3.1. Ion energy density functions and degrees of ionization

For characterisation of the deposition conditions, a plasma sensor
consisting of an RFEA and QCM is used. This sensor is chosen, as it can
measure the two most important distinguishing parameters between
DCMS and any HiPIMS process at the location of the substrate: the IEDF
and degree of ionization of target material.

Fig. 1 shows the IEDFs of Ag for DCMS-ground, HiPIMS-ground, and
BP-HiPIMS. The Ag ions found in the DCMS plasma show a peak for a
kinetic energy of 1 eV which is quickly decreasing for higher energies.
For energies higher than 5 eV no ions are detected. For the HiPIMS-
ground plasma, the Ag ions show a similar peak at 1 eV with a quick
reduction up to 5 eV as well. However, this thermalized peak is followed
by a more energetic tail of ions up to 35 eV. To the best of our knowl-
edge, no IEDFs of Ag for HiPIMS have been published so far, however
these results agree qualitatively with observations for other target ma-
terials. A thermalized peak near 0 eV and high energetic tail up to 40 eV
for Ti™ ions [45] or up 60 eV for Cr' ions [22] is found.

For BP-HiPIMS, the positive pulse of +60 V following the negative
HiPIMS pulse shows a tremendous effect on the IEDF. Only a small peak
of thermal ions is detected. Most of the Ag ions possess a higher kinetic
energy of up to 65 eV with a peak at 56 eV due to the acceleration in the
electric field during the positive pulse. Other studies applying energy-
resolved mass spectroscopy for BP-HiPIMS ions showed an almost
exact shift of the narrow thermal peak by the positive pulse voltage and
fast ions showing kinetic energies exceeding the positive pulse voltage
[20,29,46,47]. The IEDF in this work shows a different course. However,
another study that used a RFEA as well [48], reported IEDFs where the
kinetic energy of most ions did not reach the energy corresponding the
positive pulse voltage by a few eV.

Besides their energy, the ratio of ions to neutral atoms is also crucial
for understanding the effect of the PVD process. Independent of the
deposition rate, the degree of ionization P; is defined by

with the flux of ions J; and flux of neutral atoms J;,.

This ratio is measured for DCMS and several HiPIMS conditions (see
Table S1, some are not used otherwise in this publication) and are dis-
played in Fig. 2. Due to findings in [49,50], which suggest a strong
dependence of P; on the peak current density or pulse power density
respectively, P; is plotted as a function of the corresponding peak current
density. As expected, DCMS shows a quite low P; of maximum 3.2 % for a
peak current density of 0.003 A/cm? which agrees with reported degrees
of ionization for DCMS [49,51]. The highest P; of (65 + 5) % is present
for the highest peak current density of (1.28 + 0.04) A/cm? for HiPIMS.
The conditions for deposition of ex-situ and in-situ samples are marked
in Fig. 2 with respective windows for DCMS, HiPIMS with a frequency of
810 Hz (in-situ deposition on SiO3) and HiPIMS with a frequency of 150
Hz (ex-situ deposition and in-situ deposition on PS, denoted HiPIMS-810
and HiPIMS-150 respectively).

These results show in fact, that HiPIMS provides energetic ions
compared to DCMS and can lead to a high degree of ionization for silver
as target material as well.
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Fig. 1. Normalized ion energy density function (IEDF) of Ag ions for DCMS-ground, HiPIMS-ground and BP-HiPIMS. Error bars correspond to +1o.
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Fig. 2. Degree of ionization of Ag atoms for DCMS and different HiPIMS parameter reaching the substrate. Ranges of operation for DCMS and HiPIMS with different
frequencies for deposition of ex-situ and in-situ samples are marked by blue and red boxes, respectively. Error bars correspond to +1c. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Morphological and electrical characterization of the deposited Ag
thin films

For analyzing different stages during film growth, ex-situ samples are
prepared for the conditions DCMS-ground, DCMS-bias, HiPIMS-ground,
HiPIMS-bias and BP-HiPIMS on both SiO, and PS with effective Ag film
thicknesses 844 of 2, 3, 4, 6, 10, 20 and 300 nm, respectively.

In Fig. 3 an overview of SEM images for the afore-mentioned PVD
methods and different film thicknesses are shown for SiO, as substrate.
Fig. 4 a) displays the ratio of surface area covered by Ag and Fig. 4 b)
indicates the results of electrical characterization. As percolation occurs
well below 8a¢y = 10 nm, these ex-situ electrical measurements possess
an unknown uncertainty near the percolation threshold and do not allow
an exact determination. However, as a general trend, DCMS shows equal
or later percolation threshold compared to HiPIMS. Thus, the focus of
interpretation is of the overall trends and comparisons rather than

singular values. All PVD methods lead to the formation of Ag islands or
clusters for layers with an effective thickness of 55 = 2 and 3 nm, see
Fig. 3. This behavior is well known and reported in literature [37]. The
SEM images in Fig. 3 also show some larger clusters for 555 < 4 nm as
brighter spots, originating from the coalescence of two or more smaller
clusters.

For 854 = 4 nm, an additional sequence of SEM images with higher
magnification is provided in Figure S7. The islands for DCMS-bias and
HiPIMS-ground show mostly a circular shape due to the attachment of
additional sputtered Ag and coalescence of small islands. However, the
morphology of DCMS-ground, HiPIMS-bias and BP-HiPIMS differs.
Here, the SEM images show larger irregular shaped clusters or domains
with higher aspect ratios as well. This effect can be related to the kinetic
energy of arriving Ag ions of HiPIMS-bias and BP-HiPIMS being elevated
by the negative bias or positive pulse, respectively. These fast ions could
lead to the creation of surface defects or could be implanted, reducing
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Fig. 3. SEM images of sputtered Ag on SiO, for five different sputter conditions taken at different film thicknesses. The scalebar applies to all SEM images.
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surface diffusion, hence providing additional nucleation sites that pre-
vent the reduction of surface energy by forming more round shapes [52].
The reasons for the same behavior of DCMS-ground are unclear.

Up to 8p¢g = 4 nm, all samples show insulating behavior with re-
sistances above 1 MQ, which is expected for non-closed, non-percolated
thin films. This result also shows that the native SiO5 layer on top of the
Si wafer is completely insulating and does not influence this
measurement.

At 8a¢ = 6 nm enough silver is present to form elongated domains for
all deposition conditions. For HiPIMS-bias and BP-HiPIMS, the domains
possess many connections between each other, due to the afore-
mentioned reasons. HiPIMS-ground and DCMS-bias exhibit some con-
nected domains, while for DCMS-ground most domains are separate.

These morphological differences are also reflected in the electrical
properties. The Ag thin films deposited by HiPIMS-bias and BP-HiPIMS
show an almost identical reduction in resistance, indicating the exis-
tence of a path for electrical conduction while the thin films deposited
by the other techniques remain completely insulating. This result in-
dicates that the connections for HiPIMS-ground and DCMS-bias are not
far reaching.

The effective film thickness of 8pog = 10 nm reveals the largest in-
fluence of PVD method. While both DCMS processes produce branched
domains, HiPIMS-bias and BP-HiPIMS already form an almost closed
film, with a surface coverage above 90 %, see Fig. 4 a). HiIPIMS-ground
still leads to connected domains but offers a slightly higher surface
coverage than DCMS-bias and a much higher surface coverage than
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DCMS-ground. For 5z = 10 nm, all samples are above the percolation
threshold showing a greatly reduced resistance. However, the samples
fabricated by HiPIMS-bias and BP-HiPIMS show the lowest resistance in
comparison. This trend continues for 553 = 20 nm and 555 = 300 nm. At
8ag = 20 nm all silver layers are closed whereas the DCMS-ground layer
is still slightly porous. For 54 = 300 nm the SEM images show closed
layers consisting of larger structures than at 55 = 20 nm. For instance,
DCMS-ground exhibits an average structure size of (75 + 13) nm while
BP-HiPIMS exhibits (63 + 15) nm. Due to the high thickness, no direct
influence of the early growth stage on the film structure is expected.

To summarize, the evolution of morphology is mainly influenced by
the increased kinetic energy of HiPIMS-bias and BP-HiPIMS by creating
more nucleation sites resulting in an earlier percolation threshold, a
higher surface coverage, and lower resistance for every effective film
thickness. Biasing the substrate for DCMS shows a slightly higher surface
coverage, but the effect is marginal compared to HiPIMS-bias and BP-
HiPIMS. The reduced effectivity is related to low number of ions pre-
sent in DCMS. For HiPIMS-ground it seems the high number of ions with
a slight elevation of kinetic energy compared to DCMS is not sufficient
for strongly influencing the morphology. The similarity of HiPIMS-bias
and BP-HiPIMS indicate that both techniques influence film growth in
almost the same way, see Fig. 4.

Fig. 5 shows the SEM images of Ag thin films on PS for the same
parameters as for SiO3 in Fig. 3. In Fig. 6 a), the corresponding surface
coverage and in Fig. 6 b) the electrical resistance are shown. The overall
evolution of thin film morphology is similar to SiOy; thus, the focus of
discussion is on differences to SiO,. At §p¢g = 4 nm the PS ex-situ samples
already start to show larger coalesced clusters and domains, at a lower
effective film thickness compared to SiOz. Both DCMS processes pri-
marily show coalesced clusters while all HiPIMS process produce pri-
marily larger domains resulting in a higher surface coverage, shown in
Fig. 6 a). The domains of HiPIMS-bias and BP-HiPIMS show more
branches than HiPIMS-ground. Directly noticeable is the earlier perco-
lation of most of the thin films at §5; = 4 nm, between 2 nm and 6 nm
earlier than for SiO-.

On the one hand, for 54 = 6 nm and 55z = 10 nm, the DCMS pro-
cesses lead to branched domains similar to SiO, for the same effective
film thicknesses. On the other hand, all HiPIMS techniques result in
almost or completely closed thin films already at 8p; = 6 nm. Again,
HiPIMS-bias and BP-HiPIMS provide the highest surface coverage, but
the discrepancy to HiPIMS-ground is less pronounced than for SiO,. At

DCMS
-ground

DCMS
-bias

HiPIMS
-ground

HiPIMS
-bias

BP
-HiPIMS
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8pg = 20 nm all samples show a closed film with some minor defects,
which are not present for 5y = 300 nm. The mean size of Ag structures is
slightly reduced by HiPIMS processes. For example, DCMS-ground ex-
hibits a structure size of (76 + 8) nm while BP-HiPIMS leads to (61 + 9)
nm. So, for both substrates, BP-HiPIMS leads to smaller structure sizes
than DCMS-ground. This effect is commonly reported as one potential
mechanism for a higher hardness of HiPIMS coatings [53,54]. However,
this observation contradicts the observation of larger grain sizes of Ag
for HiPIMS in [24]. To investigate this contradiction more closely, AFM
measurements are conducted on all Ag films with 65, = 300 nm
deposited by DCMS-ground and BP-HiPIMS. The experimentally ob-
tained RMS roughness is listed in Table S2. The films prepared by BP-
HiPIMS show a slightly lower roughness than for DCMS-ground,
which agrees with the results in [24]. Potential explanation for the
lower resistance and smaller structure size present for BP-HiPIMS in this
study is the analysis by SEM, which can only indicate boundaries be-
tween grains and other structures on the surface of the film.

Overall, HiPIMS-bias and BP-HiPIMS provide the lowest resistance at
every effective film thickness while both DCMS processes exhibit the
highest resistance for 55 > 6 nm. The thin films prepared by HiPIMS-
ground interestingly are not percolated at 8p; = 4 nm while both
DCMS films are percolated. However, at 54 = 6 nm HiPIMS-ground
shows percolation and significant lower resistance than DCMS. One
possible explanation with regards to the morphology in Fig. 5 are two
different percolation mechanism at 554 = 4 nm. On the one hand, DCMS
samples primarily show coalesced clusters, which can be formed due to
higher surface diffusion of small cluster and atoms. These clusters are
connected by thin ridges. Preferably, impinging atoms tend to adhere on
the surface of a cluster which is close to the surface of another cluster.
These structures have a high out of plane aspect ratio, resulting in a
lower surface coverage, see Fig. 6 a). Their higher lateral aspect ratio is
known to reduce the percolation threshold. Thus, conductivity is
mediated by a limited number of spatial separated electrical paths. On
the other hand, HiPIMS-bias and BP-HiPIMS mainly lead to domains,
because high energetic ions create more nucleation centers limiting
surface diffusion. These structures exhibit a lower aspect ratio, thus
show a higher surface coverage. Conductivity is then mainly achieved
when the domains touch each other. Conduction is related to a high
density of electrical paths, i.e., lower resistance. The ions of HiPIMS-
ground offer an intermediate kinetic energy leading to an intermediate
growth state at 5o = 4 nm. The resulting aspect ratio is neither low

Fig. 5. SEM images of sputtered Ag on PS for five different sputter conditions taken at different film thicknesses. The scalebar applies to all SEM images.
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Fig. 6. A) Surface coverage (SEM) and b) electrical resistance over 9 mm distance as function of the effective Ag film thickness for PS as substrate. Error bars

correspond to +1o.

enough to establish conductivity via touching adjacent domains nor
high enough to achieve conduction via thin ridges. Once conduction is
achieved at 55, = 6 nm by touching adjacent domains, the resistance is
closer to HiPIMS-bias and BP-HiPIMS than to DCMS.

The intermediate kinetic energy of ions from HiPIMS-ground appears
to be sufficiently high to generate nucleation sites in the polymer. This
has a beneficial effect in forming a closed layer at lower effective film
thicknesses compared to DCMS. This is the main difference compared to
Ag growth on SiO».

3.3. Morphological Ag thin film evolution during sputter deposition using
in situ GISAXS

To further explore the differences between DCMS and HiPIMS, the
afore-mentioned survey of various ex-situ samples is extended by
selected in-situ deposition experiments using GISAXS to obtain a
continuous morphological characterization. The GISAXS technique al-
lows for monitoring the evolution of the Ag thin film nanostructure with
a high temporal resolution and good statistics. For these studies, two
PVD methods are selected: DCMS-ground and HiPIMS-ground are cho-
sen because they are the most common and widely used PVD processes
and are not affected by an individually selected bias or positive pulse
voltage, which are dependent on the specific application. The exact
parameters differ slightly from afore-mentioned ex-situ parameters and
are displayed in Table 2. Each in-situ study starts with an uncoated
substrate, SiO, or PS, for a fixed duration of Ag sputter deposition.

For the correlation of each detector frame with the corresponding
effective film thickness, a precise determination of the deposition rate is
necessary. To do so, the intensity distribution along the q, axis at the last
frame (highest thickness) of each sample is fitted with multiple Lor-
entzian functions, according the number of present maxima. The final
film thickness is given by

n2w

Sprt = ——
final ‘ qu‘v

with Ag;, the difference in wavenumbers of the Lorentzian fit positions

with the lowest and highest wavenumber of the thickness maxima and n

the number of orders. This procedure is exemplarily shown in Figure S8.

For a known deposition time tg, a constant deposition rate of

tq
is assumed and used to determine the effective film thickness at every
frame.

Fig. 7 shows the in-situ evolution of the mean Ag cluster distance for
deposition on a SiO; substrate and Fig. 8 the corresponding deposition
on PS with DCMS-ground and HiPIMS-ground. The mean cluster dis-
tance (D) is related to the position of the intensity peak along the g, -axis.
Generally, this peak appears as soon as sufficient material is deposited to
form a locally correlated Ag nanostructure. During further deposition,
the peak position is shifted from larger g, (smaller cluster distance) to
smaller g, (larger cluster distance) values. The peak position is deter-
mined by fitting a Lorentzian function to the horizontal line cut of every
detector frame i. Figure S9 show a sequence of exemplary detector im-
ages and their respective evaluation. The distance between neighboring
clusters is of course distributed, thus the peak position is associated with
the mean cluster distance, which is calculated by

Di = Zﬂ/qy7i.

For effective film thicknesses of 85, < 0.5 nm the detection of this
structure peak is not possible, because the amount of Ag on the surface is
not high enough to provide a detectable scattering length density. When
a locally correlated Ag nanostructure is formed by diffusion-mediated
coalescence of atoms, the mean cluster distance D can be observed.
This coalescence continues up to pg ~ 4 nm shown by an almost linear
increase in D for DCMS-ground and HiPIMS-ground. Both PVD methods
show almost identical mean cluster distances, indicating that this
growth stage is not influenced by the PVD method. This result agrees
with SEM images in Fig. 3, which show no significant differences be-
tween DCMS-ground and HiPIMS-ground at §5; = 2 nm and §5; = 3 nm.
For 8pg > 4 nm, the slope for HiPIMS-ground is reduced considerably
resulting in a much lower D compared to DCMS-ground, while the slope
of DCMS-ground remains almost unchanged until §5; = 7 nm. In other
terms, HiPIMS-ground results in a much higher density of clusters for
8ag > 4 nm than DCMS-ground. This finding is related to a reduced mean
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Fig. 7. In-situ evolution of the mean Ag cluster distance forming on SiO, with ex-situ SEM insets at corresponding effective film thicknesses. Error bars correspond to
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diffusion length during HiPIMS, because of the creation of surface de-
fects acting as nucleation points. Nevertheless, it seems this effect is not
present for effective film thicknesses 55; < 4 nm. One possible expla-
nation is that a reduced mean diffusion length is not directly related to
the effective film thickness, but rather with the duration of the process.
Each substrate possesses a certain number of surface defects prior to the
deposition. The number of these vacant defects is reduced over time by
occupation of nucleating Ag atoms. However, new defects can be created
by high-energetic ions or photons from the plasma. The flux of energetic
particles is constant over time; thus, the rate of defect creation on an
uncovered substrate surface is constant as well. Assuming a lifetime of
these defects of at least multiple seconds [55], the creation of defects is
in competition with depletion by nucleation. Therefore, the delayed
effect and reduction of the slope for 8o > 4 nm of HiPIMS can be related
to the increased creation of defects compared to DCMS, which exhibits a
depletion of defects for 554 > 4 nm.

The difference between D of DCMS-ground and HiPIMS-ground in-
creases until the end of the in-situ sequences. In comparison with the
morphology in Fig. 3 at §5; = 10 nm, the GISAXS measurement reflects
the morphology differences well. On the one hand, the presence of large,
barely connected domains for DCMS-ground result in low number of
scattering centres, thus exhibiting a higher mean cluster distance. On the
other hand, small, heavily branched domains for HiPIMS-ground result
in a higher density of scattering centers, corresponding to lower D
values.

In Fig. 8 the mean cluster distances of Ag on PS with DCMS-ground
and HiPIMS-ground up to Sag finay = 22 nm are shown. Reasons for
different Sag, fina values between samples are slight differences in
deposition rate and choice of deposition time. In Figure S10 the mean
cluster distances of both substrates, SiO, and PS, are shown.

On PS, both processes result in an almost identical distance of clus-
ters up to 5pg = 4 nm as well. Compared to SiO», the distance at 5pg = 4
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nm of (11.3 £ 0.3) nm is lower than (13.8 & 0.3) nm of SiO,. Therefore,
regardless of the PVD method, the surface of PS limits the mean diffusion
length of Ag atoms and leads to smaller clusters with a higher density
compared to SiOs. For 545 > 4 nm, in contrast to Ag deposition on SiO,
the slope of HiPIMS-ground shows only a slight reduction while the
slope of DCMS-ground increases drastically up to 8pog = 9 nm where the
distance remains almost constant up to 8pg = 12 nm. After this plateau,
the distances increase again at constant rate. These two different evo-
lutions can be explained by the morphology evolution of the SEM images
in Fig. 5. The greatly increased slope of DCMS-ground for 4 nm < 65 <
9 nm is related to the formation of a large branched domain structure
due to coalescence, reducing the number of scattering centers, i.e.,
increasing the mean distance between clusters. Once the branched do-
mains reached their nearest neighbors, the growth is dominated by
adsorption of incoming Ag atoms on already existing domains rather
than creating new nuclei. During this stage, the distance between do-
mains remains constant — forming the plateau. The distance starts to
increase again when holes between domains start to close and domains
grow together. On the other hand, the HiPIMS-ground thin film shows a
much higher surface coverage, with the film at 55; = 10 nm being
completely closed. Hence, the thin film evolution is dominated by
domain coarsening for 4 nm < 65 < 10 nm and reduction of structure
boundaries for 855 > 10 nm. Thus, the larger structures found at 5pg =
20 nm for DCMS-ground mainly originate from a coarser morphology
present during film formation. The finer morphology of HiPIMS-ground
during growth and having a higher surface coverage leads to smaller
structures throughout the whole deposition process.

As a final step, the presented results facilitate a comparison and
extension of the morphological regimes reported by Schwartzkopf et al.
[37] during the film growth of gold deposited on PS by DCMS. For this
purpose, the morphologies of DCMS-ground and BP-HiPIMS during
growth on PS are displayed in Fig. 9. BP-HiPIMS is selected as its features
deviate most from DCMS-ground. During the first two phases of nucle-
ation and partial coalescence, BP-HiPIMS shows no significant influence,
resulting in a similar morphology. In this work, it was not possible to
distinguish between phase I and phase II, namely nucleation or partial
coalescence. During phase III, the morphology of DCMS-ground is
characterized by the coalescence of clusters into large domains where
conductivity is formed by connected domains. Those conductive paths
are marked in blue in Fig. 9. BP-HiPIMS, on the other hand, leads pre-
dominantly to the growth of already existing clusters, resulting in a
conductive, almost closed layer. After further deposition of Ag, the dif-
ferences reduce and during phase IV, the layer growth, the morphologies
become similar again.

4. Conclusion

The results of this study show that the choice of PVD methods,
namely DCMS or HiPIMS, has a crucial influence on film morphology
and electrical performance of ultra-thin Ag layers deposited on oxide
and organic substrates. The greatly enhanced ratio of ionized to neutral
target atoms and their increased kinetic energy by using HiPIMS has the
potential to create more surface defects that act as nucleation centers
resulting in a higher surface coverage before a completely closed film is
formed. This effect is pronounced for the polymer substrate PS but very
limited for the SiOy substrate. The higher bonding energies of SiOs
hinder the creation of defects. These higher bonding energies can,
however, be surmounted by further ion acceleration with a substrate
bias or BP-HiPIMS, changing the surface morphology significantly
compared to DCMS. Overall, HiPIMS with additional substrate bias and
BP-HiPIMS produced thin films with the highest surface coverage and
the least electrical resistance during the whole film growth and earliest
percolation threshold. Thus, HiPIMS shows many beneficial effects for
fabricating ultra-thin silver layers for optoelectronic devices, e.g.,
organic photovoltaics, indicating the potential to be further optimized
by precise control of ion energies.
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Fig. 9. Schematic course of Ag film growth deposited by DCMS-ground and BP-
HiPIMS on PS for effective film thicknesses of 2, 6 and 20 nm. Horizontal red
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part). The scalebar applies to all SEM images. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)
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