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A B S T R A C T

We study the effect of Cu incorporation on the morphological evolution and the optoelectronic properties of thin
Ag films deposited by magnetron sputtering on weakly-interacting SiO2 substrates. In situ and real time spec-
troscopic ellipsometry data show that by adding up to 4 at. % Cu throughout the entire film deposition process,
wetting of the substrate by the metal layer is promoted, as evidenced by a decrease of the thickness at which the
film becomes continuous from 19.5 nm (pure Ag) to 15 nm (Ag96Cu4). The in situ data are consistent with ex situ
x-ray reflectometry analyses which show that Cu-containing films exhibit a root mean square roughness of
1.3 nm compared to the value 1.8 nm for pure Ag films, i.e., Cu leads to smoother film surfaces. These mor-
phological changes are coupled with an increase in continuous-layer electrical resistivity from ×1.0 10 cm5

(Ag) to ×1.25 10 cm5 (Ag96Cu4). Scanning electron microscopic studies of discontinuous layers reveal that
the presence of Cu at the film growth front promotes smooth surfaces (as compared to pure Ag films) by hin-
dering the rate of island coalescence. To further understand the effect of Cu on film growth and electrical
properties, in a second set of experiments, we deploy Cu with high temporal precision to target specific film-
formation stages. The results show that longer presence of Cu in the vapor flux and the film growth front
promote flat morphology. However, both a flat surface and a continuous-layer electrical resistivity that is equal
to that of pure Ag films can only be achieved when Cu is deployed during the first 2.4 nm of film deposition,
during which morphological evolution is, primarily, governed by island coalescence. Our overall results high-
light potential pathways for fabricating high-quality multifunctional metal contacts in a wide range of optoe-
lectronic devices based on weakly-interacting oxides and van der Waals materials.

1. Introduction

Thin (noble-) metal films deposited from the vapor phase on
weakly-interacting oxides, semiconductors, and van der Waals mate-
rials exhibit a pronounced and uncontrolled three-dimensional (3D)
morphology [1–3]. This is a major obstacle toward fabricating high-
quality metal contacts and functional layers in a wide array of nanoe-
lectronic [4–7], energy-saving, and energy-conversion devices [8–11];
which necessitates the development of methodologies for controllably
influencing film growth and achieving two-dimensional (2D) mor-
phology, so that the metal layer wets uniformly the underlying sub-
strate.

Vapor-based thin film deposition is typically characterized by high
supersaturation ratios at the vapor/solid interface, which yield a large
driving force for condensation, and thereby, lead to far-from-equili-
brium growth. As such, film morphological evolution is primarily

governed by kinetic rates of atomic-scale mechanisms (e.g., adatom
diffusion, corner-crossing, step edge-crossing) that affect the key initial
formation stages of island nucleation, growth, and coalescence [12,13].
Variation of the most common deposition process parameters, including
substrate temperature and deposition rate, has been routinely used to
modify growth kinetics and the resulting film morphology [14]. This
strategy is, however, not effective for selectively targeting film-forma-
tion stages and processes, so that growth can be manipulated in an
efficient manner.

Selective manipulation of structure-forming processes to promote
2D growth morphology has been demonstrated for epitaxial metal-on-
metal [15–19] and semiconductor-on-semiconductor systems [20,21],
via deployment of minority metal and gaseous species (also referred to
as surfactants) at the film surface. Concurrently, the atomistic me-
chanisms that control morphological evolution in weakly-interacting
film/substrate systems are different than those in classical epitaxial
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growth theory [13,22,23], such that conventional surfactant-based
strategies are not directly applicable for manipulating growth of noble-
metal films on oxides and van der Waals materials. Despite the latter,
there are studies in which less-noble metal (e.g., Nb, Ti, Cr) [5,24,25]
and gaseous species (e.g., N2, O2) [9–11,26,27] have been shown to
suppress the tendency of Ag and Cu films to grow in a 3D fashion on
various oxide substrates. This, however, comes at cost of affecting other
metal-layer physical properties (e.g., conductivity) [9,11,26,28]; which
underscores the need to establish a fundamental understanding of the
effect of surfactant (i.e., minority) species at various stages of thin
noble-metal film growth on weakly-interacting substrates, in order to
develop efficient and non-invasive morphology manipulation strategies.

We have recently contributed to the afore-mentioned understanding
by sputter-depositing Ag films on SiO2 substrates in mixed Ar-N2 and
Ar-O2 gas atmospheres [28,29]. Our data showed that the presence of
both N2 and O2 in the sputtering gas promotes 2D growth by decreasing
the rates of island coalescence completion, while N2 and O2 are only
incorporated in the film in trace amounts. Based on these insights, we
demonstrated that morphology can be manipulated from 3D to 2D,
without compromising the Ag layer electrical conductivity, if N2 and O2
are deployed with high temporal precision to selectively target the in-
itial stages of island nucleation, growth, and coalescence.

In the present study, we explore the viability of the growth ma-
nipulation approach introduced in our recent works [28,29] using less-
noble metals, instead of gaseous species, for promoting 2D morphology
during deposition of Ag on SiO2. We choose Cu as wetting agent, since it
exhibits a less pronounced tendency for 3D growth than Ag [14], and it
is relatively insensitive (i.e., inert) to interaction with impurities and
the substrate material, compared to other metals (e.g., Al and group 4,
5, and 6 transition metals) that have been used in the literature for
promoting 2D growth morphology [26,30]. Moreover, Cu is immiscible
to Ag [31–33], which allows to selectively study its effect on surface
growth kinetics without modifying the intrinsic bulk chemistry of the
metal layer.

We monitor the evolution of the optoelectronic properties of per-
colated films in situ and in real time, and show that by increasing the Cu
content in the metal layer up to 4 at. % the thickness at which the film
becomes continuous decreases from 19.5 nm (pure Ag) to 15.0 nm
(Ag96Cu4), while further increase of the Cu content up to 13 at. % does
not have an appreciable effect on the value of the continuous film
formation thickness. The in situ analysis is complemented by ex situ film
characterization, which shows that Cu leads to flatter film morpholo-
gies—the film surface roughness decreases from 1.8 to 1.3 nm upon
increasing Cu content from 0 to 4 at. %—i.e., 2D growth is promoted.
Concurrently, the presence of Cu in the metal layer causes the film
resistivity to increase monotonously from ×1.0 10 cm5 (pure Ag) to

×1.25 10 cm5 (Ag96Cu4) and ×1.8 10 cm5 (Ag87Cu13).
Additional ex situ analyses of morphology of discontinuous films reveals
that the decrease of the continuous-layer roughness with Cu addition
has its origin in the initial film growth stages, whereby the presence of
Cu delays reshaping of coalescing island clusters and promotes in-plane
island growth.

To gain a better understanding of the effect of Cu on the overall film
morphological evolution and electrical properties, we introduce Cu in
the vapor flux during well-defined times. We find that the thickness of
continuous film formation decreases with increasing time during which
Cu is present in the deposition flux. However, by deploying Cu at the
film growth front only during the first 20 s of depos-
ition—corresponding to a nominal film thickness of 2.4 nm at which
growth is primarily controlled by island coalescence—2D morphology
can be promoted without compromising the metal-layer electrical
conductivity. These findings, along with our previous results on the
effect of N2 [28] and O2 [29] on Ag morphological evolution on SiO2,
pave the way toward a holistic platform for manipulating growth of
noble-metal layers on weakly-interacting substrates in an efficient and
non-invasive fashion.

2. Film growth and characterization

Thin films are synthesized by pulsed magnetron sputtering in an
ultra-high vacuum (UHV) chamber (base pressure 10 Pa8 ) on Si
(1 0 0) substrates (thickness µ525 m), which are covered with 530 nm
thermally grown SiO2 layer. Experiments are performed using spatially
separated magnetron sources equipped with elemental Ag and Cu tar-
gets (purity 99.99 at. %, diameter 76 mm, thickness 6 mm), which are
placed 7.5 cm away from the substrate at an angle of °45 with respect to
the substrate normal. Ar is used as working gas at a pressure of 1.3 Pa.
Power with time-average density value of 0.2 W cm 2 is applied to
the magnetrons in the form of unipolar square voltage pulses with a
width of µ50 s and a frequency of 1 kHz, using MELEC SPIK 3000A
pulsing units fed by ADL GS30 DC Power Supplies. A voltage pulse
amplitude of =V 485 VT

Ag is used for operating the Ag-equipped mag-
netron, while VT

Cu is altered from 225 to 400 V , in order to vary the Ag-
to-Cu vapor arrival ratio on the substrate and the Cu content in the film.
Moreover, the VT

Ag signal is used to trigger the pulsing unit supplying
power to the Cu-equipped magnetron, such that the voltage pulses on
both magnetrons are synchronous. No intentional heating is applied on
the substrate during deposition, while the relatively small time-average
target power density ( 0.2 W cm 2) and the short deposition times
( 240 s) render an increase of the substrate temperature, due to
plasma-surface interactions, highly unlikely.

To investigate the effect of Cu addition on different film growth
stages, three deposition schemes are employed: (i) co-deposition of Ag
and Cu throughout all film formation stages; (ii) co-deposition for a
total time tE during which the film growth front is exposed to Cu vapor
flux, followed by deposition of pure Ag until growth completion; and
(iii) initial deposition of pure Ag until power is applied to the Cu target
after delay time tD, so that growth is completed in the presence of both
Ag and Cu vapor fluxes. Between each deposition run, the targets are
sputter-cleaned for 10 min to eliminate cross-contamination of the
magnetron sources.

Film growth is monitored in situ and in real time using a M-88
spectroscopic ellipsometer (J.A. Woollam Inc.). Ellipsometric angles
and are acquired at a rate of 0.5 s 1, at an incidence angle of °70 with
respect to the substrate normal, and incident-light photon energies
between 1.6 and 3.2 eV. The optical response of the substrate is mea-
sured and modelled prior to film growth as Si substrate, covered with a
SiO2 layer with its thickness ( 530 nm) as fitting parameter. Reference
data for Si and SiO2 are taken from Herzinger et al. [34]

The optical response of percolated and continuous metal layers is
described by the Drude free-electron model [35], according to which
the complex dielectric function ( )D reads

=
+ i

( ) .D
p

D

2

2 (1)

In Eq. (1), the parameter accounts for interband transitions oc-
curring at higher values of than measured with the ellipsometer, D is
the free-electron damping rate, and p is the free-electron plasma fre-
quency. From these fitting parameters, the electron scattering time

= / D and the room-temperature resistivity = /( )D p0
2 can be

calculated, where 0 is the vacuum permittivity. The above-described
methodology has been shown in the literature [36–38] to provide an
accurate description of optoelectronic properties of conducting films at
various growth stages, and it is therefore used herein to study growth
evolution of percolated and continuous Ag and Ag-Cu layers (see
Sections 3.1 and 3.3)

An additional fitting parameter in the analysis of the ellipsometric
data is the film height hf , from which we extract the film deposition rate
F by calculating the steady-state slope of hf vs. deposition time t curves
( =F 0.120 nm/s for Ag; =F 0.120 to 0.136 nm/s for Ag-Cu films in the
VT

Cu range 225 to 400 V). Based onF , we then calculate the nominal film
thickness = Ft , which represents the number of deposited atoms at
each stage of film growth.

A. Jamnig, et al. Applied Surface Science 538 (2021) 148056

2



Ellipsometric measurements are complemented by ex situ chemical,
morphological, structural, and electrical analyses. Prior to removal
from the deposition chamber, all samples that are used for ex situ
characterization are capped with 3 nm thick layer of amorphous
carbon (a–C), to avoid contamination and changes of the surface mor-
phology upon atmospheric exposure. The capping layer is deposited by
direct current magnetron sputtering from an elemental graphite target
(purity 99.99 at. %, diameter 76 mm, thickness 6 mm), by applying a
constant voltage of V460 at an Ar working pressure of 1.3 Pa. The
magnetron is placed 7.5 cm away from the substrate at an angle of °45
with respect to the substrate normal.

Sheet resistance of continuous Ag and Ag-Cu layers is measured ex
situ at room temperature using a JANDEL four-point-probe setup
(Model RM3000) with linear arrangement of the four probes. Film re-
sistivity is then calculated by multiplying the sheet resistance value
with the nominal film thickness, as obtained form in situ spectroscopic
ellipsometry.

Film thickness, mass density, and a-C/metal-layer interface rough-
ness in a-C/Ag-Cu/SiO2/Si stacks are determined from x-ray re-
flectometry (XRR), performed in a Panalytical X’pert Pro dif-
fractometer, equipped with a copper Kα source (wavelength
0.15418 nm) in line focus (operated with 45 kV and 40 mA), where a
parallel beam mirror and a parallel-plate collimator are used in the
incident and the reflected beam path, respectively. The reflected x-ray
signal is processed with a X’Celerator/PIXcel-3D detector (Malvern
Panalytical) operated in scanning line mode.

The crystal structure of Ag and Ag-Cu films is studied by X-ray
diffractometry (XRD) in 2 geometry, performed in the same in-
strument as the one used for XRR measurements. A nickel filter is used
for removing copper Kβ radiation. For crystallographic analysis, the
texture coefficient = ( )TC h k l I I I I( ) ( / )/ /hkl hkl N N hkl hkl0,

1
0, is calcu-

lated, where Ihkl is the experimentally recorded diffraction intensity of
h k l( ) planes, I hkl0, are the corresponding h k l( ) intensities in re-
ference Ag powder diffraction pattern [39], and N is the number of
diffraction peaks used for calculating the texture coefficient.

Film morphology is studied by scanning electron microscopy (SEM)
performed in a LEO 1550 Gemini microscope, with 5 kV acceleration
voltage, and 3 mm working distance utilizing the InLens detector. The
ImageJ software package[40] is used to quantify island number den-
sities, size distribution, and shape, as well as substrate area coverage,
by analyzing SEM images of a series of non-continuous films with

= 2.4, 3.6, and 6.0 nm.
The Ag-to-Cu ratio is determined by performing energy-dispersive

X-ray spectroscopy (EDS) measurements on 200 nm thick AgCu films,
in the same instrument as the SEM analysis, with 20 kV acceleration
voltage and 8.5 mm working distance. Additional chemical composi-
tion analyses, including bonding configuration and spatial distribution
of Cu in layers grown at variousVT

Cu values, are carried out by means of
X-ray photoelectron spectroscopy (XPS) measurements on 25.0 nm
thick Ag-Cu films. Photoelectron spectra are collected using a Kratos
AXIS Ultra DLD UHV system (base pressure ×4 10 Pa8 ). Emission of
photoelectrons is triggered by monochromated aluminum Kα X-rays,
and their energies and intensities are measured using a hemispherical
sector analyzer and a multichannel detector, in which core-level spectra
are recorded with a 20 eV pass energy. Depth compositional profiles
are acquired by etching the surface with a 4 keV Ar+ ion beam, and
ion-induced charging of the sample is corrected with respect to the Ar-
2p peak, to account for shifts in the binding energy. Elemental analysis
is performed with the Kratos Vision software and its sensitivity factor
database.

3. Results and discussion

3.1. Continuous film morphology, chemistry and microstructure

Fig. 1(a) presents the evolution of room-temperature resistivity vs.
nominal film thickness for Ag100-xCux films in the x range 0 to
13 at. %. For all vs. curves, decreases initially by approximately
an order of magnitude, after which decrease a steady-state resistivity

SS is reached. The initial drop in resistivity indicates that the film is
percolated (i.e., interconnected array of islands exists over the entire
sample area), and the value for which SS is reached corresponds to
the continuous film formation thickness cont.[41] The data show that
the increase of Cu content from 0 to 13 at. % results in a decrease of

cont from 19.5 to 15.0 nm (i.e., a decrease by 23%). This indicates that
Cu promotes wetting and 2D growth morphology. Concurrently, Cu
incorporation leads to increase of resistivity from ×1.0 10 5 to

×1.8 10 cm5 . This can be attributed to the larger room-temperature
resistivity/shorter electron scattering time of bulk Cu
( µ1.678 cm/36.0 fs), compared to bulk Ag ( µ1.587 cm/36.8 fs)
[42,43]. To better illustrate the effect of Cu on film morphology, we
plot in Fig. 1(b) cont vs. x extracted from multiple sets of data similar to
those in Fig. 1(a). cont decreases sharply from 19.5 to 15.0 nm in x
range 0 to 4 at. % after which it saturates. The increase of steady-state
resistivity with Cu addition is also seen by the data presented in
Fig. 1(c) (hollow symbols). This trend is qualitatively confirmed by ex
situ four-point-probe resistivity values plotted as full symbols in
Fig. 1(c).

Based on the trends shown in Fig. 1(a) and (b), the remainder of the
manuscript focuses on detailed comparison among Ag and Ag96Cu4
layers by employing ex situ techniques to study their morphology,

Fig. 1. (a) Resistivity ( ) vs. nominal thickness ( ) curves extracted from in situ,
real-time spectroscopic ellipsometry measurements, of magnetron sputter-de-
posited Ag and Ag100-xCux layers on SiO2/Si substrates with increasing Cu
content x in the film. Evolution of (b) the continuous film formation thickness

cont , and (c) steady-state resistivity SS of Ag100-xCux films vs. Cu content x in
the film (hollow symbols). Room-temperature resistivity values of continuous
Ag100-xCux layers determined from ex situ four-point-probe measurements are
also plotted in (c) (full symbols). Error bars correspond to the standard error
from determining cont from resistivity vs. thickness plots presented in (a). The
horizontal dotted lines represent the respective reference values for pure Ag
films.
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microstructure, and bonding properties. Fig. 2 presents XRR data re-
corded from a-C/Ag100-xCux/SiO2/Si stacks with =x 0 and 4 at. %, in
which we have adjusted the metal-layer deposition time to obtain a
nominal thickness of = 30 nm. Experimental data are represented by
symbols, while calculated reflectivity curves, fitted to the measured
data, are drawn as solid lines. From the fit we find that Ag and Ag96Cu4
layers have thicknesses (heights) =h 29.1f and 29.9 nm, respectively,
which confirms the deposition rate established from spectroscopic el-
lipsometry. Furthermore, we see that both films have a mass density

= 10.16 g/cmm
3, which is close to the bulk density of Ag (i.e.,

10.49 g/cm3) [44]. The latter is consistent with the in situ data in
Fig. 1(a), showing that, for all Cu contents, the metal layers are con-
tinuous for >19 nm . Moreover, the Cu-containing film exhibits a
smaller a-C/metal-layer interface root-mean-square roughness
( =w 1.3 nma C Ag Cu/ 96 4 ) compared to the pure Ag film
( =w 1.8 nma C Ag/ ), which is consistent with the conclusion from
Fig. 1(a) and (b) that addition of Cu promotes 2D growth morphology
and flatter film surfaces.

X-ray diffractograms of 50 nm thick Ag and Ag96Cu4 films are
presented in Fig. 3, where the positions of diffraction peaks of un-
strained Ag [39], Cu [45] and Si(0 0 1) [46] are indicated by vertical
lines in the graph. Both films have the face-centered cubic crystal
structure of Ag, as evidenced by the presence of diffraction peaks cor-
responding to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) crys-
tallographic planes in the measured 2 range. Texture analysis of
the five observed diffraction peaks shows that =TC (111) 2.1 and 2.2 for
Ag and AgCu films, respectively, indicating that both films exhibit a
strong 111 crystallographic texture, which does not change by Cu ad-
dition. Moreover, no indication of formation of crystalline Cu domains
that are detectable with XRD can be found in the Ag96Cu4 diffracto-
gram.

The inserts in Fig. 3 show the (1 1 1) XRD lines of both films after
base line correction (symbols), with solid lines corresponding to the
best-fit of the experimental data using the Pseudo-Voigt function
[47,48]. From the fit, we determine full-width at half-maximum
(FWHM) values of °0. 33 and °0. 66 for Ag and Ag96Cu4, respectively.
Applying Scherrer’s equation [49], we calculate the out-of-plane size

L111 of coherently diffracting domains in the film (i.e., crystallite size),
which approximates the average grain size. Crystallites in the Ag96Cu4
film (L 12 nmAgCu111, ) are smaller than in Ag (L 25 nmAg111, );
smaller grain sizes imply a larger grain boundary number density in the
film, which favors charge-carrier scattering. Hence, the analysis pre-
sented in Fig. 3, in combination with the smaller bulk conductivity of
Cu vs. Ag [42,43], is consistent with the larger resistivity in continuous
Ag96Cu4 films compared to Ag (see Fig. 1(c)).

The results of XPS analyses, performed on an a-C/Ag96Cu4/SiO2/Si
stack (metal layer thickness 25 nm), are presented in Fig. 4. High-re-
solution core-level Ag-3d and Cu-2p scans recorded for the as-received
stack and after etching of 2, 6, 14 and 24 nm of the stack surface are
plotted in Fig. 4(a) and (b), respectively. Ag-3d data reveal the presence
of the two doublets (3/2 and 5/2) at the expected positions (374.2 and
368.2 eV, respectively) [50] for AgeAg bonds. The peaks are sym-
metric, which means that no chemical interaction of Ag with Cu or
other elements takes place. Cu-2p data in Fig. 4(b) show well defined Cu
peaks (Cu-2p1/2 at 952.5 eV and Cu-2p3/2 at 933 eV) [51,52] corre-
sponding to CueCu bonds for all spectra. Concurrently the as-received
scan shows clear peaks that correspond to CueO (933.6 eV) and
CueOH (934.8 eV) [51]—as well as CueO satellite peaks—which can
be attributed to contamination upon atmospheric exposure. Similarly,
the scan after 24 nm etching shows a shoulder in the Cu-2p3/2 peak
that matches the position of CueO and CueOH bonds, which can be
contributed to the interaction of Cu with the SiO2 substrate.

Fig. 4(c) presents the evolution of the Cu atomic concentration x as
function of the etching depth. Cu is detected throughout the film
thickness, however, we find higher concentration of Cu close to the
surface ( =x 16 at. %) and toward the SiO2 substrate ( =x 12 at. %), as
compared to intermediate etching depths (i.e., 2 nm to 14 nm), where
x 5 at. %. As Ag and Cu arrival rates are constant during the de-
position process, the data in Fig. 4(c) indicate Cu segregation toward
the SiO2 substrate and the surface layer. Similar compositional profiles
have been reported for the miscible Ag-Al system by Zhang et al. [30],
who observed that Al segregates toward the film surface due to its
tendency to form as aluminum-oxide. The latter may also explain the
behavior of Cu which exhibits higher affinity toward oxygen as com-
pared to Ag [53]. Another factor is the immiscibility of the Ag-Cu

Fig. 2. X-ray reflectivity measurements of a-C/Ag/SiO2/Si (red symbols) and a-
C/Ag96Cu4/SiO2/Si stacks (black symbols). The solid lines represent calculated
reflectivity curves for fitting each data set, from which the metal-layer thickness
hf , mass density m, and a-C/Ag-Cu interface roughness (wa C Ag/ and
wa C Ag Cu/ 96 4) are determined. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. X-ray diffractograms of 50 nm thick Ag and Ag96Cu4 films deposited on
SiO2/Si substrates. Peak positions of unstrained Ag [39], Cu [45] and Si [46]
are indicated by vertical lines. The inserts show the (1 1 1) peak of Ag (left) and
Ag96Cu4 (right) after baseline correction (symbols), and the Pseudo Voigt model
fitted to the experimental data (lines). From the fit, the peak full width at half
maximum, and thereby, the out-of-plane crystallite size L111 are determined.
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binary system which provides an additional driving force for phase
separation [32,33].

3.2. Growth mechanisms and atomic-scale processes

To correlate the structural and morphological features of continuous
metal layers established in Section 3.1 with initial film formation
stages, we perform SEM analyses on a-C/Ag100-xCux/SiO2/Si stacks
( =x 0 and 4 at. %) in which the metal layers have nominal thicknesses

= 2.4, 3.6, and 6.0 nm. SEM images for pure Ag films ( =x 0) are
presented in Fig. 5(a)–(c). At = 2.4 nm, the surface hosts isolated
spherical islands/clusters, the size of which increases when increasing
to 3.6 and 6.0 nm. The size increase of islands/clusters with in-

creasing is accompanied by a gradual transition from spherical to
more elongated shapes. This type of morphological evolution is typical
in weakly-interacting film/substrate systems. Nanometer-size islands at
the initial growth stages exhibit relatively short coalescence completion
times (tcoal) so that, upon impingement, material is redistributed rapidly
over the coalescing cluster and equilibrium shape (i.e., hemisphere) is
re-established. With continued vapor deposition and coalescence com-
pletion events, the island size increases and eventually tcoal becomes
longer than the time between successive island impingement events
(timp). When the condition >t tcoal imp is fulfilled, coalescence is not
completed (i.e., the island equilibrium shape is not retained), and the
film surface is predominately populated by elongated clusters
[13,14,41,54,55].

Addition of Cu does not change the overall morphological evolution
(see Fig. 5(d)–(f)). However, islands are more elongated at = 3.6 nm
as compared to pure Ag films, while at = 6.0 nm, the Ag96Cu4 film
covers a larger fraction of the substrate, and is percolated. These find-
ings indicate that Cu addition hinders material redistribution during
coalescence (i.e., tcoal becomes longer), which promotes in-plane vs. out-
of-plane island growth at the early stages of film formation, and ulti-
mately, yields a decrease in continuous formation thickness and smaller
surface roughness, as shown in Figs. 1 and 2. The slower material re-
distribution during coalescence may be attributed to solute drag, i.e.,
the decrease of grain boundary diffusivity due to the presence of Cu in
the Ag lattice [56–58], resulting in incompletely coalesced islands with
elongated shapes.

To quantify the trends observed in Fig. 5, we analyze SEM data to
extract the evolution of the island size distribution for Ag and Ag96Cu4
films for nominal film thicknesses = 2.4, 3.6, and 6.0 nm, and we
determine mean island size (MS) and standard deviation (SD). For is-
land shape analysis, islands are approximated by ellipses, and the as-
pect ratio (AR), i.e., the ratio of major to minor ellipse axis, is calcu-
lated. The results are presented in Fig. 6(a) through (c), whereby the
data presented therein are obtained from images with smaller magni-
fication than those presented in Fig. 5 for better statistics.

Fig. 6(a) displays data for both films with = 2.4 nm and shows
that the island size distributions are bell-shaped, with the distribution
for the Ag96Cu4 film (black bars) shifted toward lower island sizes re-
lative to that for the Ag film (red bars). This is also seen in the ±MS SD
values which are ±69 46 nm2 and ±80 51 nm2 for Ag96Cu4 and Ag
films, respectively. Concurrently, the mean in-plane AR of islands is
1.62 for Ag96Cu4, which is higher than the value 1.50 for Ag, indicating
that islands are more elongated, and suggests that tcoal is increased due
to the presence of Cu.

Increasing to 3.6 nm shifts the overall island size distributions to
larger values, as seen in Fig. 6(b) and reflected in the ±MS SD values
for the Ag96Cu4 film ( ±314 248 nm2) vs. that for Ag ( ±234 162 nm2).
Moreover, AR values increase compared to = 2.4 nm, and remain
larger for Ag96Cu4 (1.91) than for Ag (1.73), indicating more pronounced
in-plane growth of islands.

At = 6.0 nm, we find ± = ±MS SD 875 881 nm2 for Ag, with
=AR 2.00 (see Fig. 6(c)). The comparatively large value of SD shows

that island sizes do not follow normal distribution and is consistent with
the formation of large structures on the surface seen in Fig. 5(c). For the
Ag96Cu4 film, few very large islands are detected, that are highly in-
terconnected, including one island with size 180000 nm2 (not re-
presented in Fig. 6(c)), which covers 40% of the observed substrate
surface. This distribution is consistent with the percolated morphology
of the Ag96Cu4 film at = 6.0 nm in Fig. 5(f)). From the island size
distributions in Fig. 6(a) through (c), we can establish that increasing
AR values can be used as indication for incomplete coalescence, which
leads to elongated island shapes, and percolated film structures. While,
initially, island sizes for Ag96Cu4 are smaller than for Ag, the larger AR
values indicate that addition of Cu expedites percolation and favors 2D
growth morphology.

The SEM data are further quantified by calculating the substrate
area coverage and the number density of islands/clusters as function of
the nominal film thickness. The substrate coverage for Ag films
(Fig. 6(d)) increases from 39 to 64%, when increasing from 2.4 to
6.0 nm. For Ag96Cu4 films, this increase is more pronounced, and the
coverage increases from 38 to 70% in the same thickness range. This
trend confirms that deposition of Cu along with Ag vapor favors in-
plane island growth and promotes 2D morphology.

The increase in coverage is accompanied by a decrease in the is-
land/cluster number density, presented in Fig. 6(e), from ×4.8 1015 to

×7 10 m14 2 for Ag films. While the island/cluster number density is
larger at = 2.4 nm when Cu is present during the deposition
( ×5.5 10 m15 2), smaller values than that for Ag films are found for

3.6 nm (e.g., ×2 10 m14 2 for = 6.0 nm). This may be

Fig. 4. (a) Ag-3d and (b) Cu-2p core level high resolution X-ray photoelectron
spectra of a-C-capped 25 nm thick Ag96Cu4 thin films in the as-received state
and after ion-beam etching of 2, 6, 14 and 24 nm. Ag plasmon loss peaks and
positions for Cu-O binding states, as well as satellite peak positions are in-
dicated. (c) Evolution of the atomic concentration x of Cu in the Ag96Cu4 film as
function of ion-etching depth.
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explained in light of previous studies which have suggested that Cu
effectively decreases diffusion length of Ag on SiO2, thereby increasing
nucleation probability and island density.[59] However, simulations by
Elofsson et al. [41] have estimated that saturation island density (i.e.,
the point at which island nucleation and growth rates are equal) occurs
at 0.1 nm for the case of perfectly hemispherical islands, i.e., the
morphology established for = 2.4 nm in our SEM data is primarily
governed by island coalescence. Hence, even though possible influence
of Cu on surface diffusion and nucleation dynamics cannot be ruled out,
we conclude that the morphological evolution in our films is primarily
governed by the effect of Cu on island coalescence; which is consistent
with recent studies on growth of Ag on SiO2 and ZnO in nitrogen- and
oxygen-containing gas atmospheres [26,28,29,60].

3.3. Selective copper deployment

We showed in Section 3.2 that Cu promotes 2D growth by in-
creasing coalescence completion time, resulting in earlier onset of is-
land interconnectivity. These morphological changes are accompanied
by an increase in the electrical resistivity of continuous layers (see
Section 3.1). Hence, two additional series of deposition experiments are
conducted, aiming to study the effect of Cu on specific stages of the Ag
film formation, and gauge the ability of Cu to change growth mor-
phology, without compromising the film electrical properties, when
released with high temporal precision: (i) in a first series, Cu is co-
deposited with Ag for an exposure time tE after which Cu supply is
stopped and growth continues with Ag vapor until deposition is com-
pleted; (ii) in a second series, deposition starts with Ag vapor and Cu

Fig. 5. Scanning electron microscopy images of Ag ((a), (b), (c)) and Ag96Cu4 films ((d), (e), (f)) with nominal thicknesses 2.4 nm ((a),(d)), 3.6 nm ((b), (e)), and
6.0 nm ((c), (f)).

Fig. 6. (a)–(c) Island/cluster size distributions for discontinuous Ag and Ag96Cu4 films with nominal thicknesses of (a) 2.4 nm, (b) 3.6 nm and (c) 6.0 nm. Mean
islands size (MS), standard deviation (SD), and mean aspect ratio (AR) of islands are given for films that consist mainly of isolated islands. In (c) island sizes
>5000 nm2 are not presented for Ag (one island with 10000 nm2) and Ag96Cu4 films (eight islands ranging 7000 to 22000 nm2, one island with 180000 nm2).
Evolution of (d) coverage and (e) island number density vs. nominal film thickness of Ag and Ag96Cu4 films. Data obtained by analyzing scanning electron mi-
crographs with an area of ×850 550 nm2.
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vapor is added after a delay time tDuntil deposition completion. We note
that one set of deposition parameters is chosen for both experimental
series, corresponding to the instantaneous Ag and Cu arrival rates for
which Ag96Cu4 is grown. Hence, the global film composition changes
depending on tE and tD.

Fig. 7(a) presents the evolution of cont with increasing values of tE.
The conditions =t 0 sE and =t 180 sE correspond to deposition of pure
Ag and co-deposition of Ag and Cu yielding a Ag96Cu4 film, respec-
tively, and are marked by horizontal dotted lines. For =t 20 sE ,

= ±14.7 1.0 nmcont , which is very close to the value obtained for co-
deposition (i.e., 15.0 nm) and lower than that of pure Ag (i.e.,
19.5 nm). With increasing values of tE , the cont value remains at

14.5 nm and does not evolve further. The evolution of the resistivity
vs nominal film thickness for Ag, co-deposited Ag96Cu4 films and
Ag100-xCux films with =t 20 sE and 40 s is presented in Fig. 7(b). From
these curves, we find that the steady-state resistivity SS of the 20 s
exposure sample is the same as in the pure Ag film, while it approaches
the value of the co-deposited film when increasing tE to 40 s. Exposure
to Cu for 20 s can therefore decrease cont, while retaining the film
resistivity from pure Ag films.

For the =t 20 sE experiment, the mean Cu content in a 22.5 nm
thick film is estimated to be =x 0.4 at. %. For comparable values of x
in a co-deposited sample, the shift of cont can be expected to be
minimal, e.g., we find = 18 nmcont for =x 1 at. % in Fig. 1(b) com-
pared to 19.5 nm for pure Ag. Thus, from ellipsometric data, we can
conclude that addition of Cu during the first s20 of deposition (i.e.,

2.4 nm) is sufficient to hinder coalescence completion.
The evolution of cont with increasing values of tD is presented in

Fig. 8(a), where =t 0 sD corresponds to co-deposition of Ag and Cu
( cont is marked by black horizontal dotted line). For t 20 sD , cont
remains at the value for co-deposition, i.e., 15.0 nm. Increasing tD in
the range 20 to 60 s leads to a monotonic increase in cont, and the
value close to pure Ag deposition (i.e., 19.5 nm) is reached for
t 60 sD . Fig. 8(b) presents vs. curves of Ag and Ag96Cu4 films as
well as Ag100-xCux films deposited with =t 20 sD and 40 s. While a low
value of 15.2 nmcont is reached for the shorter delay time, which is

close to Ag96Cu4, SS is larger compared to pure Ag films. Increasing of
tD to 40 s leads to 17.0 nmcont , which is lower than pure Ag, but

SSstill remains larger compared to Ag.
In summary, the results from experiments in which Cu deposition is

controlled via the exposure and delay times tE and tD, respectively, show
that cont decreases (i.e., 2D growth morphology is promoted) with
longer presence of Cu in the deposition flux and the film growth front,
which is, e.g., facilitated by smaller tD values. However, both smaller-
than-pure-Ag cont values and SS that is identical to that of Ag films
cannot be achieved, unless Cu is deployed during the initial growth
stages to affect island coalescence.

4. Summary and outlook

The tendency of thin noble-metal films to grow in an uncontrolled
three-dimensional fashion on weakly-interacting substrates, including
oxides and van der Waals materials, can be reversed by deploying
gaseous and/or less-noble metallic minority species at the film growth
front. In this work, we investigate the effect Cu as wetting agent on the
growth evolution of magnetron sputter-deposition of Ag films on SiO2
substrates, which is an archetypal weakly-interacting film/substrate
system. We show, by combining in situ and real-time spectroscopic el-
lipsometry with ex situ x-ray reflectometry, that the thickness at which a
continuous film is formed can be decreased by 23% (i.e., from 19.5 to
15.0 nm) by steadily adding 4 at. % Cu to the Ag film, while the root-
mean-square surface roughness decreases by 28% (from 1.8 to 1.3 nm).
The addition of Cu is also accompanied by a 25% increase in film re-
sistivity (from ×1 10 5 to ×1.25 10 cm5 ). Studies of the morphology
of discontinuous layers using scanning electron microscopy reveal that
Cu promotes two-dimensional growth and flat surface morphology by
delaying island reshaping during coalescence. Moreover, we perform
experiments in which Cu is deployed at the film growth front with high
temporal precision to selectively target specific film-growth stages. By
introducing Cu only during the first 20 s of deposition, so that island
coalescence is targeted, we are able to promote 2D morphology without
compromising the Ag-layer electrical conductivity. Our overall results
expand the understanding with regards to the effect of minority species
on film morphological evolution on weakly-interacting substrates and

Fig. 7. (a) Evolution of the continuous film formation thickness cont of Ag100-
xCux films vs. exposure time tE to Cu. Error bars correspond to the standard
error from determining cont from resistivity vs. nominal film thickness
plots. Horizontal dotted lines mark cont for Ag (red) and co-deposited Ag96Cu4
film (black). (b) Evolution of vs. for Ag, Ag96Cu4 co-deposition (also pre-
sented in Fig. 1) and Ag100-xCux with exposure times =t 20 sE and 40 s. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. (a) Evolution of the continuous film formation thickness cont of Ag100-
xCux films vs. delay time tD of the Cu deposition. Error bars correspond to the
standard error from determining cont from resistivity vs. nominal thickness
plots. Horizontal dotted lines mark cont for Ag (red) and co-deposited Ag96Cu4
film (black). (b) Evolution of vs. for Ag, Ag96Cu4 co-deposition (also pre-
sented in Fig. 1) and Ag100-xCux with delay times =t 20 sD and 40 s. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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provide the foundation for developing tailor-made strategies for non-
invasive growth manipulation.
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