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We study the morphological evolution of magnetron-sputtered thin silver (Ag) films which
are deposited on weakly-interacting silicon dioxide (SiO.) substrates in an oxygen-
containing (O2) gas atmosphere. In situ and real-time monitoring of electrically-conductive
layers, along with ex situ microstructural analyses, show that presence of O, throughout
all film-formation stages, leads to a more pronounced two-dimensional (2D) morphology,
smoother film surfaces, and larger continuous-layer electrical resistivities, as compared to
Ag films grown in pure argon (Ar) ambient. In addition, our data demonstrate that 2D
morphology can be promoted, without compromising the Ag-layer electrical conductivity,
if Oz is deployed with high temporal precision to target film formation stages before the
formation of a percolated layer. Detailed real-space imaging of discontinuous films,
augmented by in situ growth monitoring data, suggest that O, favors 2D morphology by

affecting the kinetics of initial film-formation stages, and most notably by decreasing the
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rate of island coalescence completion. Furthermore, compositional and bonding analyses
show that O, does not change the chemical nature of the Ag layers and no atomic oxygen
is detected in the films, i.e., O, acts as a surfactant. The overall results of this study are
relevant for developing non-invasive surfactant-based strategies for manipulating noble-
metal-layer growth on technologically relevant weakly-interacting substrates, including

graphene and other 2D crystals.

. INTRODUCTION

Growth of thin noble-metal films with two-dimensional (2D) morphology on
weakly-interacting 2D-material and oxide substrates is a crucial step in the fabrication of
multifunctional contacts in a wide array of key enabling devices'’. Achieving such
morphology, so that the metal-layer fully wets the underlying substrate, entails a great
scientific challenge: the adsorption energy of noble-metal atoms on weakly-interacting
surfaces is significantly smaller than the bulk-metal binding energy*’, thereby providing
the driving force toward a pronounced and uncontrolled three-dimensional (3D) growth.

Vapor-based film deposition is a far-from-equilibrium process in which
morphology is predominantly determined by the kinetic rates of atomic-scale structure-
forming processes during early growth stages® !'. The kinetic pathways leading to 3D
morphologies in homo- and hetero-epitaxial film/substrate systems are well established in
the literature'!. This understanding has enabled the development of growth manipulation
strategies in which surfactants (i.e., minority metal or gaseous species) are deployed and
temporary adsorbed at the film growth front to allow navigation between 2D and 3D

morphologies'? 26



The atomistic mechanisms that govern morphological evolution of metal films on
weakly-interacting substrates are different from those in strongly-interacting epitaxial
systems’2"2%_ As such, established knowledge for surfactant-based growth manipulation
is not directly applicable to the case of noble-metal film deposition on 2D materials and
oxides. Despite the latter, there are empirical studies in which less-noble-metal

3035 as well as gaseous surfactants**! have been used to

surfactants and seed layers
suppress the 3D morphology of silver and copper films on oxide substrates.

Recently, we have contributed to the fundamental understanding of the
mechanisms that govern surfactant-modified film growth on weakly-interacting
substrates by studying the effect of nitrogen (N2) gas on the morphological evolution of
silver (Ag) films on silicon dioxide (SiO2)*?. Our results showed that N affects the
various film-formation stages in a complex manner: when N> is present during island
nucleation and coalescence, 2D growth morphology is promoted; while the opposite is
observed when N is deployed after island coalescence is completed, so that the stage of
hole-filling is primarily affected.

The goal of the present work is to understand the role of chemical affinity
between noble-metal and gas surfactant species on the various film-formation stages and
the overall film morphological evolution on weakly-interacting substrates. To this
purpose, we study the growth of magnetron-sputtered Ag films on SiO; substrates, in an
oxygen-containing (O2) gas atmosphere. We use in situ and real-time spectroscopic

ellipsometry to monitor the evolution of optoelectronic properties of electrically-

conductive layers and, in combination with ex sifu microstructural analysis, we establish



that presence of O throughout all film-formation stages, leads to a more pronounced 2D
morphology, smoother film surfaces, but larger continuous-layer electrical resistivities,
relative to Ag films grown in a pure argon (Ar) atmosphere. These trends are
qualitatively consistent with the effect of N2 on Ag-layer morphology****. However, a
~10 times smaller O, partial pressure is required for the surfactant effect to manifest
itself; which can be explained by the higher reactivity of O, toward Ag, as compared to
that of No*%. In addition, our in situ and real-time data demonstrate that the detrimental
effect of Oz on Ag-layer conductivity can be mitigated, while promoting 2D morphology,
if Oz is deployed in a way that targets initial film-growth stages before the formation of a
percolated layer. Detailed ex situ real-space imaging, combined with data from in situ and
real-time monitoring of discontinuous metal-layer growth, suggest that O, favors 2D
morphology by affecting the kinetics of initial film-formation stages—most notably by
decreasing the rate of island coalescence completion. Moreover, compositional and
bonding analyses show that the presence of O» in the gas atmosphere does not affect the
chemical nature of the metal layer in which only Ag-Ag bonds are present, while no
atomic oxygen is detected in the bulk of the film, thereby showing that O; acts as a

surfactant.

II. EXPERIMENTAL STRATEGY AND PROCEDURES

A. Film synthesis

Thin Ag films are synthesized by direct current magnetron sputtering (dcMS) at a
constant current of 20 mA, resulting in a deposition rate of ~0.11 nm/s. All depositions

are carried out in a multi-source ultra-high vacuum chamber (based pressure ~10° Pa) on



Czochralski-grown n-type Si(100) wafers, covered with a ~530 nm thick thermally-
grown SiO; layer. No intentional substrate heating is used during the depositions. The
magnetron source, equipped with a Ag target (diameter 7.62 cm, purity 99.99%), is
placed 7.5 cm from the substrate, and at an angle of 45° with respect to the substrate
surface normal.

Ar (purity 99.999%) is used as a sputtering gas. Films are deposited either in pure

Ar atmosphere or in Ar/O> mixtures (O2 purity 99.999%) at a total working pressure p,

of 1.3 Pa. For samples grown in Ar/O> atmospheres, initial tests at different O, partial
pressures pg,_ showed no appreciable difference in the film morphological evolution for

p02

> > (0.01. Hence, in the remainder of the article we focus on experiments performed for
total

Po, = 0.01 x p, . It should be pointed out that the partial pressures refer to values

measured in the absence of plasma. Moreover, the Ar introduction point is at the chamber
wall halfway between the substrate holder and the magnetrons, while O; is introduced
through an orifice in the vicinity of the substrate. A schematic illustration of the chamber
layout, including the spectroscopic ellipsometer used for in sifu film growth monitoring

(see section I1.B) and the gas introduction points is shown in Fig. 1.
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FIG. 1. Schematic illustration of the deposition chamber, including the Ar and O, gas
introduction points and the spectroscopic ellipsometer used for in situ film growth

monitoring.

We have recently studied*? the growth of magnetron sputter-deposited Ag layers
on Si0; in mixed Ar/N» gas atmospheres, and we established that N, affects the various
film-formation stages in distinctly different ways. In order to explore whether the latter is
also the case when O is used to manipulate growth, we deploy O using the following
schemes: (i) O is present together with Ar throughout the entire deposition process; (ii)
O: is introduced at the early film-growth stages so that the growth surface is exposed to
the presence of surfactant for a time #; ranging between 2 to 20 s. Subsequently, Oz is
pumped out from the deposition chamber, while deposition continues and is completed in
pure Ar atmosphere; and (iii) deposition commences in a pure Ar ambient and, after a
delay time 7, ranging from 2 to 20 s, O2 is introduced for the remainder of the growth.

The film morphological evolution, microstructure, and chemical composition are

analyzed using the in situ and ex situ tools and methodologies described in section I1.B.



Prior to exposing the samples to atmosphere for ex sifu analyses, and immediately after
Ag deposition, samples are capped with a 3 nm-thick amorphous carbon (a-C) layer to
avoid surface contamination and changes in film morphology upon atmospheric
exposure. The a-C capping layers are sputter-deposited at a rate of 0.01 nm/s from a
graphite (C) target (purity 99.99 at.%; diameter 7.6 cm; thickness 6 mm) in pure Ar at 1.3
Pa. The C target is operated in dcMS at a constant current mode of 50 mA, 7.5 cm away

from the substrate, and at an angle of 45° with the substrate surface normal.

B. In situ film growth monitoring and ex situ film

characterization

Spectroscopic ellipsometry is employed in sifu and in real-time to monitor the
change of the film optoelectronic properties during deposition and, thereby, draw
conclusions about the film morphological evolution. Data are collected every ~2 s in the
range 1.6-3.2 eV, at an angle of incidence of ~70° from the substrate normal, using a
rotating analyzer ellipsometer. The acquired data are fitted to a three-phase model
consisting of vacuum, metal-layer, and substrate. The substrate optical properties are
described by a semi-infinite 625 pm Si slab with a top layer of SiO», the thickness of
which is determined by measuring the optical response of the substrate prior to
deposition. Optical constants for the Si and SiO layers are taken from Ref.*’ and Ref.*®.
The optical response of the film is described using the Drude-Lorentz dispersion model,

as detailed below.

During initial growth stages, the film surface primarily features isolated Ag

islands that give rise to localized surface plasmon resonance (LSPR)**°, which can be



described by adapting the Lorentz oscillator model***° to express the complex dielectric

function of the layer é€(w) as

)= 22— ()

2-0?-iTw

In Eq. (1), fand o, are the oscillator strength and resonance frequency, respectively, and
I represents the damping rate of the plasmon resonance. More details on the
implementation and relevance of the Lorentz oscillator model for describing the optical

response of discontinuous Ag layers can be found in our previous work*.

The optical response of electrically-conductive Ag films is described by the
Drude free electron theory®!, according to which the dielectric function () is given by

the expression,

2
“p

)

ED(CU) ~ o w? +il pw

In Eq. (2), €, 1s a constant that accounts for the effect of interband transitions occurring at

frequencies higher than the ones considered here, I';, is the free-electron damping

constant, and @, =4/ ne*/eym, is the free-electron plasma energy, where n is the free-

electron density, e is the electric charge, m, is the free-electron effective mass, and g is
the permittivity of free space. From Eq. (2), the room-temperature film resistivity is

calculated as’'

P=ed 3)

Besides the optical properties, the analysis of the ellipsometric data enable us to

calculate the film height 4, as a function of deposition time ¢. Using the continuous-layer



hy value, the film deposition rate Fis extracted (= 0.11 nm/s at all conditions used in

this work), from which the nominal film thickness © (i.e., the amount of deposited
material) at any given time during growth ¢ is calculated as ® = F' x ¢. Throughout the
manuscript, ® is expressed in monolayers (ML), whereby one ML corresponds to the
amount of atoms per unit area that is required to increase the film thickness by an amount
equal to the Ag (111) interplanar spacing (0.235 nm), which is the most common out-of-
plane growth orientation for physical vapor deposited face-centered-cubic (fcc) metal

films.

In situ characterization is complemented by ex situ imaging of discontinuous film
surfaces using a Field Emission Gun Scanning Electron Microscope (SEM), at an
operating voltage of 4 kV and a working distance of 3 mm. SEM images are analyzed
using the Image] software package™, to determine the fraction of the substrate covered

by the film, as well as the island size and shape distribution.

Real-space imaging is combined with x-ray reflectometry (XRR) to obtain film

roughness w, thickness /5, and mass density p, . The optics for XRR are a 1/32°

divergence slit and a Goebel mirror for the incident beam, while a parallel plate
collimator and a nickel filter are used for the reflected beam path. Reflectivity data are
modeled using the X’Pert reflectivity software package. The crystal structure is
determined from x-ray diffractometry (XRD) in Bragg-Brentano geometry using a
Goebel mirror for the incident beam. For both XRR and XRD measurements, a copper Kq

source (wavelength 0.15418 nm) in line focus is used.

Film chemical composition and bonding properties are determined by x-ray

photoelectron spectroscopy (XPS). XPS measurements are carried using an AXIS Ultra



spectrometer in a UHV system (base pressure ~ 10 Pa), equipped with a
monochromated aluminum K, x-ray beam, a hemispherical sector analyzer, and a
multichannel detector. A 20 eV pass energy resulting in full width at half maximum
(FWHM) for the Ag-3ds/, peak of less than 500 meV is used in order to obtain
information from the core-level spectra. Photoelectron spectra are collected as a function
of the sample depth using 4 keV Ar" ion-beam etching. Charge-induced shifts of the
binding energy are corrected using the Ar-2p peak which originates from the Ar" ion
sputtering. XPS data is analyzed with Kratos Vision software and the quantitative

analysis use the relative sensitivity factors contained within the Vision Software.

lll. RESULTS AND DISCUSSION

Representative room-temperature resistivities p of conductive Ag layers grown in
Ar and Ar/O> mixtures (for the various O deployment schemes described in Section
II.A) are plotted as a function of the nominal film thickness ® in Fig. 2. For clarity, the
plot is divided in two panels. Both panels depict curves that were recorded during film
growth in pure Ar (black squares) and Ar/O> mixtures, whereby O» is present throughout
the entire deposition (red stars). Moreover, Fig. 2(a) presents data from experiments in
which the growth surface is exposed to O> for times 7z =2 and 20 s, and Fig. 2(b) shows
p vs O curves in which O is introduced in the gas ambient after delay times ¢, =2 and 20
s (the corresponding 2 and 20 s curves are represented with green circles and dark yellow
diamonds, respectively). All curves show a sharp decrease in p with increasing © after

which a steady-state resistivity value p°5 is reached. The nominal film thickness at which

10



pSS is established marks to the formation of continuous layer (this ® value is hereinafter

denoted as @ ,,,) as we have previously shown*>>3->,

The data in both panels in Fig. 2 show that addition of O in the growth
atmosphere results in ®,,, to decrease from =~ 81 ML for film grown in pure Ar to = 51
ML, i.e., the presence of O> promotes 2D growth. Furthermore, Ag growth in an O,-
containing atmosphere yields a steady-state resistivity p> = 1.3 x 10 Q-cm, which is
larger than the corresponding value of = 1.1 x 10 Q-cm for the film grown in pure Ar.

Figure 2(a) reveals that addition of O in the gas atmosphere during the early
growth stages for a time 7z as short as 2 s is sufficient for decreasing ® ., from = 81 ML
(Ar-deposited layer) to = 61 ML. By further increasing 7z to 20 s, the continuous-layer
formation thickness decreases to © ,,;~ 54 ML Moreover, p%° =~ 1.1 x 10 Q-cm for both
tp values presented in Fig. 2(a), which is smaller than the value p5° ~ 1.3 x 10~ Q-cm for
the sample grown under continuous presence of O», and nearly identical to the resistivity
obtained during Ag deposition in pure Ar atmosphere. These trends with respect to both
© ., and pSS are qualitatively consistent with our previous observations for the effect of
Nz on Ag-layer morphological evolution of**, in which we have demonstrated that early-
stage-introduction of N also promotes 2D growth without compromising the noble-
metal-layer resistivity. Hence, the results in both the present study and in Ref.*?
underscore that effective and non-invasive surfactant-based growth manipulation
strategies can be developed by targeting and selectively modifying early film-formation

stages.

11
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FIG. 2. Resistivity (p) vs. nominal thickness (®) for: (a) O2 deployment at the early film-
growth stages for exposure times 7z = 2 and 20 s; (b) O, deployment at late film-growth
stages for delay times 7, =2 and 20 s. Both panels display curves recorded during growth
of samples in pure Ar and mixed Ar/O; ambient, whereby in the latter case the surfactant

gas is continuously present until deposition completion.

Delayed O; deployment (see Fig. 2(b)) with z, =2 s yields ® .., ~ 57 ML which
is slightly larger than the value of = 51 ML for the Ar/O-grown sample. This value
increases further to ~ 66 ML for ¢, = 20 s. Concurrently, p55 takes values in the range

~1.2 x 107 to ~1.3 x 10” Q-cm, which is comparable to the steady-state resistivity of the

12



Ar/O; grown layer, and only slightly higher than the value obtained for films grown in Ar
atmosphere. The trends in Fig. 2(b) are opposite than those found when N> is used to
modify film growth*?, for which late surfactant gas introduction leads to increase of ® .,
and p°5 above the values for layers grown in pure Ar atmosphere, i.e., 3D morphological
evolution is promoted. This indicates that O; is more effective in promoting 2D
morphology than N, since its presence in the gas atmosphere is the only prerequisite for
yielding a smaller ® ., relative to films grown in pure Ar.

Multiple studies*>**3-56 have shown that p vs. @ curves obtained from analysis of
in situ spectroscopy ellipsometry data provide a physically correct picture of the
morphological evolution of electrically-conductive layers. To confirm that this is the case
also for the Ag films in the present study, we perform XRR measurements on a-
C/Ag/Si0,/Si stacks, in which continuous Ag layers are grown in Ar and Ar/O»
atmospheres. The XRR curves are plotted in Fig.3, whereby circles represent
experimental data and solid lines represent the calculated curves, from which the
morphology-related quantities of the stack layers are extracted, including the Ag film

thickness 7, the a-C/Ag interface roughness w, ¢, 44 (i.€., Ag-layer roughness), and the
Ag-layer mass density p, (the values for these quantities are also provided in Fig. 3 next
to each corresponding reflectivity curve). The analysis shows that /,~ 25 nm for both
Ag-layer synthesis conditions, which is in very good agreement with the thicknesses
obtained from spectroscopic ellipsometry. Moreover, p, is very close to the bulk Ag

357

mass density (10.49 g/cm”)’’ as expected for magnetron-sputter-deposited high mobility

(i.e., low melting point) metal films>***. We also find that w,_ ¢/, = 1.8 nm for the Ar-

grown film, while addition of O; to the sputtering atmosphere leads to w,_c/ 4, =1.5 nm.

13



Hence, the results from the XRR analysis confirm that presence of O is associated with

reduction of roughness at the film growth front, i.e., 2D morphology is promoted.

h=2440m o Ar

Wa—C/Ag =1.5nmm o] Ar/02
p, =10.2 glem’

W s 1.8 nm

p,=105 g/cm3

Intensity [arb. units]

00 04 08 12 16 20 24
Incidence angle, 0 [deg]
FIG. 3. XRR measurements from a-C/Ag/Si02/Si stacks in which Ag layer is grown in Ar

(black circles) and Ar/O>-(red circles) atmospheres. The solid lines represent the

calculated curves from which the film thickness /4, the a-C/Ag interface roughness
Wa.c/4g> and the mass density p = are calculated. The values for these quantities for both

stacks are also provided in the figure.

In order to establish the effect of the sputtering atmosphere composition on the
crystal structure of continuous Ag layers, we investigate the a-C/Ag/Si0,/Si stacks grown
at the conditions reported in Fig. 3 by means of XRD. The corresponding Bragg-
Brentano XRD patterns are shown in Fig. 4 (black and red solid lines for Ar- and Ar/O»-
grown Ag films, respectively), in which the angular positions of scattering-intensity
maxima in unstrained reference Ag powder and Si(100) single crystal are marked by

vertical dashed lines. The sample grown in Ar atmosphere exhibits a strong 111

14



reflection, and a much weaker 200 peak (integrated intensity ratio jﬂ = 8.0), while no
200

other Ag-related diffraction maxima are observed. This indicates that the Ag layer
exhibits an [111] out-of-plane texture, as expected for fcc metals. Addition of O; leads to

a more random texture evidenced by the change of the 111 and 200 reflection intensities

(jﬁ =3.4) in the corresponding XRD pattern. Moreover, no diffraction peaks originating
200

from phases other than metallic Ag (e.g., AgO, Ag>0O) are detected in Fig. 4.
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FIG. 4. Bragg-Brentano XRD patterns recorded from a-C/Ag/Si0,/Si stacks in which ~25
nm thick Ag layers are grown in Ar (black solid line) and Ar/O; (red solid line)
atmospheres. The vertical dashed lines mark the angular position of XRD reflections in
unstrained Ag powder and Si(100) crystal. The inset shows a magnified section of the
XRD patterns around the Ag(111) reflections for both samples in which experimental
data (circles) are fitted by Gaussian functions (solid lines). From the Gaussian fit the
reflection full width at half-maximum is extracted, from which the size of the 111

crystallographic grains Li11 along the film growth direction is estimated.
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We further analyze the XRD data in Fig. 4 by fitting the 111 reflections with
Gaussian functions (see inset in Fig. 4) from which we calculate a full width at half-
maximum (FWHM) of 0.621° and 0.695°, for Ar and Ar/O>-grown samples, respectively.
These FWHM values are then used in Scherrer's formula®®®! to estimate the size of the
111 crystallites, L111, along the growth direction. We find that addition of O to the
sputtering gas leads to a small decrease of Li11 from 13.5 nm to 12.1 nm, i.e., our XRD
data indicate that O causes grain refinement. The latter can explain the increase of the
steady-state resistivity seen in Fig. 2 when O; is present in the sputtering atmosphere
throughout the entire film deposition; decrease of grain size corresponds to increase of
the grain boundary area where scattering of charge carriers (electrons) takes place.

The in situ analysis data presented in Fig. 2 indicate that O, affects the various
film-formation stages in a complex fashion. In order to better understand the effect of O»
on the initial growth stages and its correlation with the overall film morphological
evolution, we perform SEM analysis on discontinuous layers. Images recorded from a-
C/Ag/Si0,/Si stacks, whereby the Ag layer is grown in Ar and Ar/O> ambient, are shown
in Figs. 5 (a) and (b), respectively. For both deposition conditions, data for ® = 8, 13, and
21 ML are presented. For ® = 8 ML, both samples exhibit similar surface topography,
featuring nearly-spherical islands with similar size and number density. Increase of ® to
13 ML leads to larger islands, but with different shapes depending on the composition of
the gas atmosphere; the Ar-grown sample still exhibits nearly-spherical islands, while
islands for the Ar/O>-grown layer become more irregularly shaped. The differences

between the two growth conditions become more pronounced for ® = 21 ML, where

16



islands for the sample deposited in Ar/O, ambient are more interconnected and elongated,
and the substrate areal coverage is larger, as compared to the Ar-grown sample.

The data and trends presented in Figs. 5(a) and (b) are better visualized and
quantified by extracting the island size and shape distributions, and calculating the island
mean size (MS), island size standard deviation (SD), and the mean in-plane island aspect
ratio (AR), for ® = 13 ML (Fig. 5(c)) and ® =21 ML (Fig. 5(d)). The results in Fig. 5(c)
show similar bell-shaped island size distributions for both conditions with the histogram
for Ar/Oz-grown sample (blue bars) being shifted to slightly larger sizes as compared to
the corresponding histogram for the Ag layer deposited in pure Ar ambient (red bars).
This is also reflected in the calculated MS = SD values which are 101.5 + 63.3 nm? (Ar)
and 119.2 + 71.9 nm? (A1/Oz). Moreover, the visual impression that the addition of Oy in
the gas atmosphere yields more elongated islands is also confirmed by the AR value of
1.75, relative to AR = 1.47 for Ar-deposited sample (note that for spherical islands AR =
1). Increase of ® to 21 ML (Fig. 5(d)) results in significant differences in the island size
distributions, depending on the composition of the gas atmosphere. The sample grown in
pure Ar still exhibits a bell-shaped histogram with MS + SD = 146.3 + 89.8 nm?, while
AR = 1.72. In stark contrast, the island sizes for the Ar/O,-deposited sample are
significantly larger and are distributed over a larger range (MS = SD = 591.7 + 723.2
nm?), while the island shapes deviate more clearly from the spherical geometry (4R =
2.07). The overall results in Fig. 5 show that addition of O» in the gas atmosphere leads to
larger and elongated islands for ® > 8 ML; this behavior has been associated in the

42,62-66

literature with incomplete island coalescence. The latter delays cluster reshaping

and favors in-plane vs. out-of-plane island growth, i.e., a 2D morphology is promoted.

17
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FIG. 5. SEM images of Ag layers grown in (a) pure Ar, and (b) Ar/O; atmospheres for ©
=8, 13, and 21 ML. Panels (c) and (d) present island size distribution plots and analysis
from the data shown in panels (a) and (b), for ® = 13 and 21 ML, respectively. The solid
blue and red lines in (c) and (d) are generated by fitting the corresponding histogram data

to Gaussian functions.

In order to obtain information on the film morphology for ® < 8 ML and ascertain
whether O; affects the pre-coalescence film-formation stages of island nucleation and
growth, we study the evolution of the optoelectronic properties of discontinuous layers

using in situ spectroscopic ellipsometry. Such layers consist of isolated islands and/or

18



island clusters and can give rise to LSPR*’. We have recently shown*? that the LSPR-
related optical response can be effectively modelled by a Lorentz oscillator, while the
evolution of the oscillator energy hwo as function of nominal thickness ® reflects changes
in the substrate areal coverage.

Figure 6 plots hawo vs. ® curves from Ag films in which: (i) the growth surface is
exposed to O for times 7z = 2 and 20 s (Fig. 6(a)); and (i1) O2 is introduced in the gas
ambient after delay times ¢, of 2 and 20 s (Fig. 6(b)). For reference, both panels display
curves recorded during growth of samples in pure Ar (black squares) and mixed Ar/O»
(red stars) ambient. All curves in Fig. 6 show that the value of hwo red-shifts (i.e.,
decreases) with increasing ©. This behavior has been attributed to in-plane island growth
with continued deposition that leads to decrease of the substrate areal (surface) coverage
and the island-island separation distance***°. Moreover, both panels show that addition of
02 to the sputtering atmosphere leads to smaller hwo values for a given ©, while the
Ar/O; hawo vs. O curve exhibits a larger declining slope as compared to its Ar counterpart.
This is another indication that presence of Oz promotes in-plane island growth and 2D
morphological evolution, and shows that the decrease of @, (Fig. 2) and w,_c/ 4, for
continuous layers (Fig. 3) has its origin in the initial film-formation stages of island
nucleation, growth, and coalescence.

The data in Fig. 6(a) show that, even at a minimum exposure of the growing
surface to Oy for ¢z =2 s (which corresponds to ® = 1 ML), the hawo vs. ® slope for ® in
the range = 2 to = 5 ML is distinctly steeper than that of the corresponding Ar curve.
Earlier simulations of 3D film growth>*-** have estimated that the saturation island

density—the latter denotes the point during growth until which island nucleation is the
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dominant structure-forming process—is established for ® ~ 0.4 ML, when adatoms are
the only mobile species on the growing film surface and islands have hemispherical
shapes. This value can be further increased when higher-order clusters (i.e., dimers and
trimers) are mobile, as, e.g., during growth of high-mobility metals (including Ag) on
weakly-interacting substrates™. Hence, based on the differences in the slope of the heo
vs. ® curves for Ar- and Ar/Oz-grown (tz = 2 s) films, it cannot be ruled out that O,
promotes 2D growth morphology by: (i) enhancing island densities; and (ii) favoring in-
plane growth of individual islands through suppression of uphill atomic transport®’.
However, the main mechanism that affects morphology appears to be the decrease of
island coalescence completion rate, as seen by the steeper hawo vs. ® slope at ® > 5 ML
for the Ar/Oz-deposited (¢ = 2 s) layer. This notion is also supported by the additional
increase of the hwo vs. ® curve slope when ¢;= 20 s, which approaches asymptotically

that of the Ar/O-grown sample.
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FIG. 6. Lorentz-model resonance energy (hwo) vs. nominal thickness (®) for: (a) O
deployment at the early film-growth stages for exposure times 7z between 2 and 20 s; (b)
O deployment at late film-growth stages for delay times ¢ between 2 and 20 s. Both
panels plot curves recorded during growth of samples in pure Ar and mixed Ar/O»

ambient with continuous presence of surfactant gas until deposition completion.

When deposition commences in pure Ar atmosphere and O is introduced after a

delay time 7, Fig. 6(b) shows that the hawo vs. ® curves are nearly identical to that of pure

Ar for ® <5 ML, above which the curve slope deviates from the Ar line and increases,
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approaching gradually that of the Ar/O; data, as ¢ is decreased from 20 to 2 s. This is
consistent with the results in Fig. 2 showing that ® .,,,; increases with increasing ¢, and
again indicates that the effect of Oz on the initial stages of film formation is very crucial
for the subsequent overall layer morphology.

To correlate the Ag-layer morphological evolution with changes in the film
chemistry and bonding properties, we perform XPS analyses on a-C/Ag/SiO,/Si stacks
sputter-deposited in Ar and Ar/O> gas atmospheres. Wide XPS scans (not shown here) of
both as deposited and Ar"-etched samples exhibit peaks matching the binding energies of
all Ag related electronic orbitals (Ag-3s, Ag-3p, Ag-3d, Ag-4s, and Ag-4p), irrespective
of the presence or not of O in the deposition chamber during Ag film growth. This is
exemplified by the Ag-3d high-resolution scans for the Ar/O2-grown sample presented in
Fig. 7. We find that only Ag-Ag bonds form, while no Ag-O peak signature is detected
(the expected binding energies for Ag>O and AgO bonds are also marked in Fig. 7).
High-resolution scans of the O-/s (Fig. 7 inset) reveal that O-related XPS peaks can be
either identified as O-Si bonds®® (which emanate from the substrate) or as surface
contamination. Moreover, there is no evidence of O-Ag peaks at binding energies 529.0
and 528.5 eV, which are correlated to Ag,O and AgO bonds, respectively®’’. Hence, the
results in Fig. 7 suggest that Oz is only temporarily adsorbed at the film growth front, i.e.,
it acts as surfactant. However, incorporation of small amounts of oxygen (< 1 at. %,
which is the typical XPS detection limit for light elements’") cannot be ruled out, most
prominently at the film/substrate interface, in accordance with recent literature

results*>*+72,
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FI1G. 7. Ag-3d core-level high-resolution XPS spectra of ~25 nm thick continuous Ag
layers grown by magnetron sputtering on SiO»/Si substrates in Ar/O> atmospheres.

Spectra are recorded from as deposited samples, as well as from samples which have
been etched by Ar' ions removing ~2, ~6, and ~14 nm of material. The inset presents
core-level high-resolution scans around the O-/s binding energy position. The arrows

show the position of Ag plasmon-loss peaks.

In comparison with our previous study on the effect of N, on Ag-layer
morphological evolution*?, we observe that for the same Ag vapor deposition rate a ~10
lower O; partial pressure is required for significantly affecting film growth. This can be
attributed to the smaller dissociation energy of O> molecule (5.2 eV) compared to that of
N2 (9.8 eV)”*, which makes generation of reactive atomic species (O) by energetic
plasma electrons and incorporation on the growth front more likely. Atomic oxygen has
been suggested to favor Ostwald over Smoluchowksi ripening (i.e., cluster diffusion) in
the Ag/Ag(100) homoepitaxial system’>’*7>_ Concurrently, Ostwald ripening is a much

slower process than cluster diffusion, and hence, it is only relevant for post-deposition
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coarsening. From the latter it follows that in an oxygen-free system material will be,
primarily, redistributed between islands during growth, while the presence of atomic
oxygen will promote material redistribution post-deposition, i.e., coarsening during
growth will be hindered. Furthermore, exposure of vicinal Ag surfaces to atomic oxygen
has been shown to promote sidewall facet formation’®, which is known to decrease the
rate of material transport between the coalescing islands*>”’. Moreover, atomic oxygen
adsorption on the surface of Ag islands residing on SiO; surfaces has been suggested to
lower the island surface and the island/substrate interface energies; which yields a smaller
driving force for cluster reshaping’®. The above-mentioned mechanisms are relevant for
explaining the hindrance of coalescence completion in our film/substrate system, which is
seemingly the process by which 2D growth morphology is promoted for Ag films in the

presence of Ox.

IV.SUMMARY AND CONCLUSIONS

The ability to grow noble-metal films with 2D morphologies on weakly-
interacting substrates, including 2D materials and oxides, is essential for the fabrication
of high-performance enabling devices. The weak film/substrate interaction provides the
driving force toward uncontrolled and pronounced 3D morphological evolution. This
tendency can be reversed by using minority less-noble-metal (e.g., transition metals) and
gaseous species (both referred to also as surfactants). The mechanisms by which
surfactants affect various film growth stages on weakly-interacting substrates are far from

being understood, while surfactant-based strategies should be designed in a way that do
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not compromise other physical properties (e.g., optoelectronic properties) of the noble-
metal layers.

In the present work, we explore the way by which O, affects the complex
formation stages and the overall morphological evolution of Ag layers deposited by
magnetron sputtering on weakly-interacting SiO substrates. We combine real-time in
situ growth monitoring and ex situ structural and chemical characterization and find that
Ag layers grow flatter in the presence of O, due to incomplete island coalescence.
However, O; causes increase of the Ag-layer electrical resistivity, relative to films grown
in pure Ar atmosphere, unless the surfactant gas is only deployed during the initial stages
of island nucleation, growth and coalescence. The overall results are consistent with
previous findings on the effect of N> on Ag-layer growth on SiO,***; yet significantly
smaller amounts of O; are required to affect morphology owing to its higher reactivity
toward Ag compared to that of N». The knowledge generated herein provides critical
insights for the development of non-invasive growth manipulation strategies in which 2D
morphology can be promoted by deploying gaseous species, as well as other less-noble-

metals, at the film growth with high temporal precision to target and selectively modify

critical film formation stages.
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