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We study the effect of nitrogen on the morphological evolution of thin silver (Ag) films deposited on weakly-
interacting amorphous carbon (a-C) and silicon oxide (SiOy) surfaces. Films are synthesized at a deposition
rate of 0.1nm-s~! by direct current magnetron sputtering (DCMS), high power impulse magnetron sputtering
(HiPIMS), and electron-beam evaporation (EBE). We monitor growth in situ and in real time by measuring the
evolution of film stress and optical properties, complemented by ex situ analyses of discontinuous-layer mor-
phologies, film crystal structure, and film composition. We find that addition of molecular nitrogen (N») to the
plasmagenic gas (Ar) during DCMS and HiPIMS promotes a two-dimensional (2D) morphology. Concurrently,
EBE-deposited films exhibit a significantly more pronounced three-dimensional morphological evolution, inde-
pendently from the gas atmosphere composition. We argue that the 2D morphology in DCMS- and HiPIMS-grown
films is enhanced due to incorporation of atomic nitrogen (N)—result of plasma-induced N5 dissociation—that
hinders island reshaping during coalescence. This mechanism is not active during EBE due to the absence of
energetic plasma electrons driving N; dissociation. The overall results of the study show that accurate control of
vapor-phase chemistry is of paramount importance when using gaseous species as agents for manipulating
growth in weakly-interacting film-substrate systems.

1. Introduction Vapor-based film synthesis is a far-from-equilibrium process during
which morphological evolution primarily depends on kinetics of atomic-

Thin noble-metal films that serve as multifunctional contacts on scale processes operating at various formation stages [11]. By altering

oxides, semiconductors, and van-der-Waals materials, are a key
component in a wide array of heterostructure devices [1-9]. These films
are typically synthesized via condensation from the vapor phase, and the
resulting device performance crucially depends on film morphology: in
some cases, a flat two-dimensional (2D) layer that wets the underlying
substrate in a complete and uniform fashion is essential [1,2], while in
other cases device functionality requires that the deposited layer self-
assembles in three-dimensional (3D) nanostructures with well-defined
sizes and shapes [5]. Achieving such morphology control can be chal-
lenging, as noble-metal atoms may exhibit a weak interaction (i.e., bond
strength) with oxide/semiconductor/van-der-Waals substrate atoms,
leading to an uncontrolled formation of 3D nanoscale islands [1,10].

deposition parameters (e.g., substrate temperature and vapor arrival
rate) and/or deploying minority metal [12-15] and gaseous species
[16-21] at the film growth front, the rates of such structure-forming
processes can be modified, and thereby the film morphology can be
manipulated. In particular, recent studies [16,17,19] have shown that
the tendency towards 3D morphological evolution of magnetron-
sputtered silver (Ag) layers on weakly-interacting zinc oxide (ZnO)
and silicon oxide (SiOy) substrates can be suppressed—leading to
effectively smoother film surfaces—by introducing molecular nitrogen
(N3) to the plasmagenic gas. Moreover, it has been suggested that Ny
promotes 2D morphology by delaying the process of island reshaping
during coalescence, which favors in-plane cluster expansion at the
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expense of out-of-plane growth [17,19]. However, the detailed path-
ways by which N, affects material redistribution during coalescence and
influences the island shape and the overall film morphology are not
understood, while possible effects on other film-formation stages (e.g.,
nucleation) have not been ruled out. This knowledge gap is further
exacerbated by the fact that adsorption, desorption, and diffusion of
nitrogen species on the growing surface may be affected by their
chemical nature—in magnetron sputtering discharges nitrogen exists in
both molecular (N;) and atomic (N) form [22,23]—and their in-
teractions with energetic ionized plasma species that are inherent to
magnetron sputtering.

In the present work, we study nitrogen-modified growth of Ag on
weakly-interacting amorphous carbon (a-C) and SiOy substrates by three
deposition methods: direct current magnetron sputtering (DCMS), high-
power impulse magnetron sputtering (HiPIMS), and electron-beam
evaporation (EBE). These methods enable us to access a wide range of
process conditions with respect to energies and ionization degrees of
film-forming and gas species, as well as the propensity for N production
via Ny dissociation. We monitor film growth in real time using in situ
wafer curvature measurements and surface differential reflectance
spectroscopy (SDRS), from which we find that the addition of Ny to
DCMS and HiPIMS Ar-based discharges leads to formation of continuous
layers at nominal thicknesses as low as 10 nm vs. 15nm for films grown
in pure Ar discharges. In addition, ex situ analyses of discontinuous layer
morphologies using scanning transmission electron microscopy (STEM),
show that the origin of the flat morphology in nitrogen-modified growth
is associated with the process of coalescence. Moreover, analyses of the
film chemical composition reveal that the addition of Ny in the sput-
tering atmosphere results in incorporation of 0.2at.% N in the deposited
layer. As far as EBE depositions are concerned, in situ and ex situ data
show that, independently from the composition of the gas atmosphere,
continuous layers are formed at nominal thicknesses of 25nm and no N
is detected in the deposited layer. Based on these findings, we argue that
plasma-induced dissociation of molecular N, during sputtering creates
atomic N that is adsorbed on the film growth front and delays island
coalescence. This mechanism is not present in the case of EBE where the
absence of plasma renders N> dissociation inactive.

The results presented herein underscore that accurate control of
molecular gas dissociation rates is a key component for manipulating
growth in weakly-interacting film-substrate systems using Ny (and other
polyatomic gases) as wetting agents. Moreover, attempts to further un-
derstand and model the effect of nitrogen on Ag-layer growth require
considering the central role of atomic N species on various film forma-
tion stages.

2. Research methodology
2.1. Film synthesis

Ag films are synthesized by magnetron sputtering and electron-beam
evaporation, without applying intentional heat to the substrate during
deposition. Magnetron sputtering experiments are performed in a high-
vacuum chamber at a base pressure of 107> Pa. The chamber is equip-
ped with three confocally arranged magnetron sources, which form an
angle of 25" with respect to the substrate normal and are positioned
180 mm away from the substrate surface. Vapor is generated by sput-
tering an elemental Ag target (diameter 76 mm; purity 99.99%; installed
in one of the three magnetron sources) in either pure Ar or mixed Ar-Nj
atmosphere (N3 partial pressure of 10% and, for selected samples used
for chemical composition analysis, 25%) at a total pressure of 0.7 Pa (gas
purity 99.999%). Depositions are performed in DCMS and HiPIMS
modes by adjusting the time-averaged power in the range 26 to 34 W to
achieve a film growth rate of 0.1nm-s~!, as determined by ex situ
spectroscopic ellipsometry measurements (see Section 2C). For HiPIMS
depositions, power is applied in the form of 50 us long unipolar pulses
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with frequencies 200, 500, and 1000 Hz. Time-dependent target voltage
and current waveforms during HiPIMS operation are recorded using a
Picoscope® digital oscilloscope and show that the peak target power
(Pp) increases from 0.7 to 4.1 kW as the pulsing frequency decreases
from 1000 down to 200 Hz. This correlation between pulsing frequency
and peak target power is a typical feature of the HiPIMS discharge [24],
and it is leveraged herein to study the way by which plasma chemistry
and energetics (as determined by Pr,) affect film growth.

Czochralski-grown Si(00 1) wafers (with their 2 nm thick native SiOx
layer) are used as substrates with two different thicknesses: 100 pm for
in situ wafer curvature measurements and 650pum for in situ SDRS
measurements (see Section 2B). To explore the universal character of
our findings, films are deposited on two weakly-interacting surfaces:
either directly on SiOx/Si(001) substrates or on an 8 nm thick amor-
phous carbon (a-C) layer that is grown on the SiO4/Si(001) substrate
prior to the Ag-film deposition. For the synthesis of the a-C layer, a
graphite target (installed in one of the two available magnetron sources
in the deposition chamber; diameter 76 mm; purity 99.995 %) is sput-
tered in Ar atmosphere (working pressure of 0.3 Pa) by DCMS at a power
of 180 W, yielding a growth rate of 0.016 nm-s~1. Moreover, for selected
experiments, electron-transparent carbon-coated copper grids are used
as substrates, upon which STEM measurements are performed (see
Section 2C).

EBE experiments are performed at high-vacuum conditions (base
pressure 107> Pa) using an oblique angle of 11.2° with respect to the
substrate normal, with the substrate-to-crucible distance being 450 mm.
Films are grown on SiOx/Si(001) substrates in pure Ny and in pure Ar
atmospheres (pressure 10~2 Pa), as well as without presence of any gas
(pressure 107° Pa). The electron beam current is varied between 10 and
12mA (at a constant voltage of 6.7 kV) to achieve a film growth rate of

0.1nm:s”!, as measured by a quartz crystal microbalance and

confirmed by spectroscopic ellipsometry. The growth conditions for
both sputtering and evaporation experiments are summarized in
Table 1.

2.2. In situ growth monitoring

In the present work, we measure in situ the evolution of mechanical
stresses and optical properties upon deposition for monitoring in real
time film morphological evolution, from the initial growth stages to the
formation of a continuous layer and beyond [25]. Stress is determined
by measuring the substrate curvature change Ak using a magnification
inferred curvature (MIC) setup [26] installed in the sputter-deposition
chamber. The setup uses a light source to illuminate a plate, which
features a 3 x 3 grid of holes, at an angle of incidence of 70" with
respect to the substrate normal. A charge-coupled device camera collects
the virtual image of the illuminated plate seen through the reflecting
curved substrate acting as a spherical mirror, from which the curvature
is determined. The product of stress (¢) and nominal film thickness (®)
6 x O is calculated from the expression [27],

1
Ao x ©) = gYsthK

where Y, = 180.5GPa is the Si(1 00) substrate biaxial modulus and h, is
the substrate thickness.

Fig. 1(a) presents typical data in the form of 6 x © vs. ® curves that
are recorded during growth of Ag layers on a-C/SiOy/Si substrates by
DCMS in Ar (black solid line) and Ar-Nj (blue dotted line) atmospheres.
By convention, negative (positive) slope in a ¢ x ® vs. ® curve corre-
sponds to compressive (tensile) incremental stress. For growth in pure
Ar, the incremental stress is initially compressive up to ® < 2nm, fol-
lowed by development of incremental tensile stress up to ® ~ 14nm at
which 6 x © reaches a maximum and a transition to incremental
compressive stress occurs. The position of the tensile peak corresponds
to the formation of a continuous film at a thickness ®.,, = 13.9nm
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Table 1
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Summary of process conditions used for the synthesis of Ag films. Column 1 refers to the deposition method (DCMS - direct current magnetron sputtering; HiPIMS —
high power impulse magnetron sputtering; EBE — electron-beam evaporation). Columns 2 and 3 list the time-averaged target power (P, ) and target voltage (Vr) used
during DCMS and HiPIMS. Columns 4 and 5 list the pulsing frequency (f) and the resulting peak target power (Pr,) during HiPIMS operation. Columns 6 through 8 refer
to the composition of the growth atmosphere expressed as Ar and N, partial pressures (p,, and py,, respectively) and the ratio of py, to the total pressure during

Pn2

deposition (
tot

). The synthesis conditions refer to films deposited on both a-C/SiO/Si and SiO/Si substrates.

Deposition method Pray (W) Vi (V) f(Hz) Py (kW) Pn2 pn2 (Pa) pa:(Pa)

Prot
DCMS 26 284 - - 0 <10°° 7% 1071
DCMS 26 290 - - 0.1 7 x 1072 6.3x 1071
HiPIMS 28 458 1000 0.7 0 <10°° 7 x 107!
HiPIMS 28 455 1000 0.7 0.1 7 x 1072 6.3x 107!
HiPIMS 31 497 500 1.4 0.0 <1075 7x 107!
HiPIMS 31 506 500 1.5 0.1 7 x 1072 6.3x 107!
HiPIMS 34 595 200 4.1 0 <1075 7x 1071
HiPIMS 34 603 200 4.0 0.1 7 x 1072 6.3x 1071
EBE - - - - - 1072 <107
EBE - - - - - <107° 1072
EBE - - - - - <107 <1073
. spectrum per second as
g 2(a) Opon = 9.5 m(:mm P @ aR (4,0) = R(2,6) ~Ro(4) 2
& 1 Ry T Ro(4)
e
® 0 where Ro(A) and R(A, ©) are the reflected intensities collected before the
< _ | o onset of Ag deposition and after depositing a Ag layer with a nominal
(o} '\M thickness ©, respectively. SDRS measurements are compared with
"g -2l _‘"“%\.VMN modelled spectra that are calculated assuming that at each nominal
© . . — : — = thickness © the film fully wets the underlying substrate (i.e., exhibits an
2 2L(b) Oy =102nm oo = 1740 Ag/SiO,/Si ideal 2D morphol iti
s phology) and grows at a constant deposition rate. The
@ complex index of refraction required for calculating those spectra is
Q either determined by ex situ spectroscopic ellipsometry (Ag and a-C; see
% 0 Section 2C) or taken from Ref. [30] (Si).
‘-C“. 1 DCMS Ar e . Experimen.tal and calculated.SDRS data.(solid blu.e and d.ashed black
@ DCMS Ar-N %"'*m lines, respectively) corresponding to various nominal thicknesses ©
g -2t 2 N"M during growth of Ag on SiOy/Si substrates by DCMS in pure Ar are
n 5 1‘0 1'5 2'0 2‘5 30 shown in Fig. 2(a) (@ = 2 — 10 nm) and Fig. 2(b) (® = 12 — 30 nm).

Nominal thickness ® (nm)

Fig. 1. Stress-nominal thickness (6 x ©) vs. nominal thickness (®) curves
recorded during the deposition of Ag by DCMS on (a) a-C/SiOy/Si and (b) SiOx/
Si substrates in pure Ar (black solid lines) and mixed Ar-N5 (blue dotted lines)
atmospheres. The vertical arrows mark the position of the tensile-to-
compressive stress transition which corresponds to the continuous formation
thickness Ocon (Ocont Value also provided in the figure). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

(marked with a vertical arrow) [25,28]. Addition of N to the plasma-
genic Ar gas yields a 6 x ©® vs. ® curve that exhibits a tensile incre-
mental stress almost from the outset of the deposition, while the tensile-
to-compressive transition occurs at a smaller nominal thickness corre-
sponding to Oy = 9.5nm. 6 x © vs. ® curves recorded during Ag-
layer growth on SiO/Si substrates (plotted in Fig. 1(b)) exhibit quali-
tatively similar trends to those obtained for growth on a-C/SiOy/Si
substrates, i.e., presence of Ny in the sputtering atmosphere results in
Ocont = 10.2nm, which is smaller than the value O, = 17.4nm for
deposition in pure Ar.

In situ monitoring of the Ag-layer optical response is carried out by
real-time SDRS, using the setup described in Ref. [29]. The sample is
illuminated with p-polarized white light emitted from a xenon arc lamp
at an angle of 70" (DCMS and HiPIMS) or 60" (EBE) with respect to the
surface normal. The reflected intensity is collected in the specular di-
rection using an Ocean Optics QE65000 spectrometer within the spec-
tral range A = 350 —-950nm. The relative variation of the sample
reflectivity is measured during Ag deposition at a frequency of one

During the early stages of deposition up to ® = 8 nm, the experimental
spectra exhibit a broad peak that is associated with the excitation of
localized surface plasmons, a consequence of 3D morphological evolu-
tion and formation of isolated Ag islands. The resonance frequency of
the surface plasmon—corresponding to the wavelength A, at which Ak_l;
exhibits its maximum—shifts continuously from A, ~ 425nm at © =
2 nm to Apy &~ 795nm at ® = 8 nm, indicating that the out-of-plane to
in-plane aspect ratio of surface features (islands and/or clusters) and
their interplanar (edge-to-edge) distance decrease with continued
deposition. In addition, the calculated spectra show that % increases
monotonically as function of A irrespective of the nominal thickness,
while for the experimental % spectra a negative slope (resulting from
the surface-plasmon-induced maximum) is seen in the infrared wave-
length range (700 —950 nm) for ® < 8 nm. Comparison between exper-
imental and calculated spectra shows that they differ considerably for
® < 12nm, while they are nearly identical for ® > 15nm, ie., a
continuous Ag layer is formed for © in the range 12 — 15 nm. The
experimental and calculated AR—I: spectra for Ag films deposited in Ar-Ng
atmosphere are plotted in Fig. 2(c) (@ = 2 — 10 nm) and Fig. 2(d) (6@ =
12 — 30 nm). For those films, localized surface plasmons and a negative
slope in the infrared range of the experimental ﬁ—‘; data is only observed
for spectra at ® = 2nm and ® = 4 nm. Moreover, the calculated spectra
match the experimental data for ® > 10 nm, i.e., addition of N to the
plasmagenic Ar gas results in the formation of a continuous layer at a
smaller nominal thickness relative to growth in pure Ar, in qualitative
agreement with the data presented in Fig. 1.

To quantify the differences established in Fig. 2(a)-(d), we plot in
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Fig. 2. (a)-(d) Experimental (blue solid lines) and calculated (black dashed lines) curves of differential reflectance % of Ag layers deposited by DCMS on SiOy/Si

substrates at various nominal thicknesses © (© values are marked next to each spectrum) for growth in pure Ar (panels (a) and (b)) and in mixed Ar-N; (panels (c) and
(d)) atmospheres. (e) Slope of ﬁ—'; spectra taken in the infrared range (700 —950nm) as a function of the nominal thickness © for growth in pure Ar (black solid line)
and mixed Ar-N, (blue dashed line). The vertical arrows indicate the thickness at which the slope is zero, which corresponds to the percolation thickness @. The
green dotted line represents the calculated % slope for growth by DCMS in pure Ar atmosphere (ideal 2D morphological evolution). (f) Mean square error x> between

experimental and calculated AR—‘: spectra (from panels(a)-(d)) as a function of the nominal thickness © (black solid and blue dashed lines correspond to spectra recorded

during growth in Ar and Ar-Na, respectively). The vertical arrows indicate the nominal thickness at which 2 exhibits a local minimum and corresponds to the
continuous film formation thickness ©.,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2(e) the slope of the experimental % curves taken in the infrared
region as a function of ® for the set of data corresponding to growth in Ar
(black solid line) and Ar-N5 (blue dashed line) atmosphere. The curve
corresponding to the slope of calculated AR—“} data (Ar atmosphere)
assuming ideal 2D morphological evolution is also plotted for reference
(dotted green line). The point at which the experimental slope reaches
zero (marked with vertical arrows) serves as an upper limit for the
percolation threshold thickness O (i.e., the thickness at which the film
electrically conducts over macroscopic distances, though not being yet
continuous) [28]. We see that O, = 8 nm for growth in pure Ar, while
addition of N to the gas atmosphere yields earlier percolation at Opere =
4.5 nm. For determining Oy, we evaluate the evolution of the mean
square error y2 between experimental and calculated ﬁ—'ﬂ‘ spectra. The y2
vs. O curves corresponding to Ar and Ar-Ng grown Ag films are plotted in
Fig. 2(f) (black solid and blue dashed line, respectively). The local
minimum of ¥ corresponds to @ [28] (position marked with vertical
arrow in the corresponding curve) and decreases from ©.,,; = 14.2 nm to
Ocont = 10.7 nm upon addition of N» to the Ar sputtering atmosphere. In
the remainder of the article, the values of O and @y, determined by
6 X @ vs. O curves and AR—IO‘ spectra, are used as proxies for assessing the
3D/2D character of film growth for the various process conditions,
whereby decrease of ©co and Oy is consistent with formation of films
with flatter morphology, as evidenced by x-ray reflectometry and
atomic-force microscopy data in previous studies [19,31].

2.3. Ex situ characterization

Film morphologies of discontinuous layers during the initial stages of
Ag growth are studied by means of high-angle annular dark-field
(HAADF) STEM. Experiments are conducted using a Thermo Scientific

Talos F200S transmission electron microscope, which is operated at an
acceleration voltage of 200kV, with a semi-convergence angle of
10.5 mrad for an average probe current (size) of 30 pA (0.16 nm). Plan-
view HAADF-STEM images are recorded for Ag films (nominal thick-
nesses ranging from 0.3 to 6 nm; synthesis conditions selected from those
listed in Table 1) deposited on electron-transparent carbon-coated
copper grids, which are overcoated with an 8 nm thick a-C layer grown
at the conditions detailed in Section 2A. The same 8 nm thick a-C film is
also deployed immediately after Ag growth as a capping layer to mini-
mize post-growth morphological changes when the sample is exposed to:
(i) the atmosphere during transfer from the synthesis chamber to the
microscope; and (ii) the electron beam during the HAADF-STEM ex-
periments. The ImageJ software [32] is used to binarize the pixel in-
tensities of the recorded images so that intensities representing film and
substrate become one and zero, respectively. The threshold for the
binarization is set through the default procedure of ImageJ which is
based on the isodata algorithm [33]. The binarized images are then
analyzed to compute the fraction of the substrate area Q covered by the
deposited Ag film, the number density N; of objects (i.e., islands and/or
clusters) on the film surface, the object size D (D is the diameter of a disk
having the same projected area as that of a given object), and the object
in-plane aspect ratio AR (for the latter, the objects are approximated by
ellipses and AR is the ratio of the minor-to-major ellipse axis).

Besides morphology of discontinuous layers, we also study the
crystal structure of continuous films by means of x-ray diffractometry
(XRD). XRD measurements are performed on 35nm thick Ag layers
grown on SiOy/Si substrates using a Seifert XRD 3000 four-circle
diffractometer with point focus geometry, Cu Ka wavelength
(1.5418 A), and a Meteor0D detector. @ —20 scans are acquired in Bragg-
Brentano configuration over the 20 angular range 32 —50°, which in-
cludes both the 111 and 200 Ag reflections.
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Spectroscopic ellipsometry is employed to determine the optical
properties and thickness of Ag films deposited on SiOy/Si and a-C/SiOy/
Si substrates, as well as the optical properties of the a-C layer deposited
on SiOy/Si. Ellipsometric angles ¥ and A are recorded at three angles of
incidence (65, 70", and 75 measured from the substrate normal) in the
spectral range 200 — 1700 nm, using a Woolam M2000UI instrument. A
three-phase model consisting of substrate, film, and vacuum is fitted to
the acquired data. The substrate is modelled as a 650 pm semi-infinite Si
slab, the optical properties of which are taken from Ref. [30]. The op-
tical response of the Ag film is described by the Drude free-electron
model, while the a-C layer is fitted with a Lorentz oscillator [34]. The
obtained layer optical constants (i.e., complex index of refraction) are
used for computing the calculated SDRS curves in Fig. 2.

Global elemental composition and concentration depth profiles of
the films are determined by time-of-flight elastic recoil detection anal-
ysis (ToF-ERDA) in the EGP-10-II 5MV tandem accelerator of the Hel-
sinki Accelerator Laboratory [35]. Measurements are performed using a
40 MeV '?’I jon beam, with the detector positioned at an angle of 40°
with respect to the direction of the incident beam, while the beam
incident direction forms an angle of 20° with respect to the sample
surface. Composition and depth profiles are calculated using stopping
forces obtained from the SRIM freeware [36], the measurement geom-
etry, and Rutherford elastic recoil cross sections for the detected
elements.

ToF-ERDA measurements are complemented by x-ray photoelectron
spectroscopy (XPS) analyses. Measurements are performed in an XPS
instrument from Hiden Analytical Ltd. Photoelectron spectra are ac-
quired by using an Argus photoelectron energy analyzer (Omicron
NanoTechnology GmbH) and a standard Mg source (Ka line, photon
energy of 1253.6 eV; pass energy 20 eV). Binding energies are refer-
enced to Cls peak of ambient hydrocarbons at 284.8 eV. The CasaXPS
software package is used for peak fitting and data analysis.

3. Results and discussion
3.1. Morphological evolution of percolated and continuous films

Fig. 3 plots the continuous formation thickness ©., of Ag films
grown on SiOy/Si substrates by DCMS, HiPIMS (pulsing frequencies 200
and 1000 Hz), and EBE. Hollow symbols represent ®.., values deter-
mined by in situ SDRS, whereby black squares and blue circles corre-
spond to samples grown in pure Ar and mixed Ar-N; (or pure Ny for EBE)
atmospheres, respectively. Moreover, the black diamond symbol is the
O.on value of the EBE sample grown without the presence of any gas.
The data show that growth in pure Ar using sputtering-based techniques
(DCMS and HiPIMS) yields O, with values in the range 14.2 to
15.1 nm. Addition of Ny to the sputtering atmosphere results in lower
Ocont (values range from 10.5 to 11.1 nm), i.e., 2D morphological evo-
lution is promoted in agreement with previous observations [17,19].
Concurrently, growth by EBE (at all gas atmospheres used) yields values
for Oy from 23.9 to 27.3 nm. However, the differences are within the
error bars of the respective data points, i.e., the presence of Ny during
EBE growth of Ag on SiOy/Si substrates has no statistically significant
effect on the film morphological evolution. For reference, ®, deter-
mined from wafer curvature measurements using the MIC setup are also
plotted (filled symbols) for samples grown by DCMS. The MIC-based
analysis shows qualitatively similar trends to those obtained from
SDRS data, i.e., presence of Ny leads to a Oy = 10.2 nm vs. Qo =
17.4 nm for growth in pure Ar. We attribute the difference between
SDRS- and MIC-determined O, for samples grown by DCMS in pure Ar
to random variations in the surface roughness and composition of the
native SiOy layer among different substrates upon which Ag is deposited.
This notwithstanding, both SDRS and wafer curvature measurements
confirm that addition of Ny to the sputtering atmosphere favors an
earlier continuous film formation.
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Fig. 3. Continuous film formation thickness O, of Ag films grown on SiOy/Si
substrates by DCMS, HiPIMS (pulsing frequencies 200 and 1000Hz), and EBE.
Squares and circles correspond to data from samples grown in pure Ar and
mixed Ar-N, (or pure N, for EBE samples) atmospheres, respectively. The
diamond symbol is the @, value for the sample grown by EBE without pres-
ence on any gas. Hollow and filled symbols represent O, values extracted
from in situ SDRS and wafer curvature measurements, respectively. For SDRS
data, error bars are estimated from the width of the minimum in the y? vs ®
curves (see Fig. 2(f)). For MIC data, error bars correspond to width of the
plateau of the maximum in the 6 x © vs. ® curves (see Fig. 1) that delineates
the tensile-to-compressive incremental stress transition.

To ascertain whether the trends pertaining to the 2D/3D character of
continuous-layer growth (established in Fig. 3) also hold for earlier film-
formation stages, we plot in Fig. 4 the percolation thickness ©per
(determined by in situ SDRS) of Ag films deposited on SiOy/Si substrates
by DCMS, HiPIMS (pulsing frequencies 200 and 1000 Hz), and EBE.
Black squares and blue circles correspond to samples grown in pure Ar

Ag/SiO,/Si
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Fig. 4. Percolation thickness @ (determined by in situ SDRS measurements)
of Ag films grown on SiOy/Si substrates by DCMS, HiPIMS (pulsing frequencies
200 and 1000Hz), and EBE. Squares and circles correspond to data from sam-
ples grown in pure Ar and mixed Ar-N, (or pure N, for EBE samples) atmo-
spheres, respectively. The diamond symbol is the @, value for the sample
grown byy EBE without presence on any gas. Error bars are estimated based on
the nominal thickness values at which the experimental f{—‘: slope measured in
different spectral ranges (700 —850nm and 800 —950nm) becomes positive as
depicted in Fig. 2(e) and explained in Section 2B.
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and mixed Ar-N» (or pure N for EBE) atmospheres, respectively, while
the black diamond shows the ©., value of the EBE sample grown
without the presence of any gas. We see that growth of Ag by sputtering
(both DCMS and HiPIMS) in pure Ar yields O values from 7.9 to
8.3 nm, which decrease down to 4.5 —5.5nm upon Nj addition. In
contrast, the composition of the gas atmosphere has no effect for EBE,
since at all deposition conditions the mean O, values range from 13.1
to 14.1 nm and exhibit overlapping error bars. Thus, we establish that
the effect of the plasmagenic gas composition on Oy is in qualitative
agreement with that on Oy, i.e., No promotes 2D morphology of
continuous layers by affecting growth stages before the formation of a
percolated network. This is consistent with the notion that the overall
film morphological evolution is primarily the result of dynamic
competition between island growth and coalescence during the incipient
film-formation stages [37-39]. Moreover, we see that the ratio % ~ 2is

in agreement with previous works of ours [31,40,41].

To explore the universal character of the trends seen in Figs. 3 and 4,
we plot in Fig. 5 the continuous formation thickness ©,, (determined
by in situ wafer curvature measurements) of Ag films, grown on a-C/
SiOy/Si substrates by DCMS and HiPIMS (pulsing frequencies 200, 500,
1000 Hz), in Ar (black squares) and Ar-Ny (blue circles) atmospheres.
The results are in qualitative agreement with those obtained for growth
on SiOx/Si, i.e., N3 promotes 2D morphological evolution as manifested
by the decrease of ®y, values from the range 13.8 — 15.3 nm (Ar) to
9.5 — 11.5 nm (Ar-Ny). We note that in Fig. 5 we only report data from
MIC analysis. The reason is that the use of the SDRS-based methodology
may be restricted by the dielectric characteristics of the material upon
which Ag growth proceeds: while SiOx possesses good insulating prop-
erties and hence yields a pronounced surface plasmon resonance, the
higher conductivity of a-C results in damping of the surface plasmon
resonances and of the features in the % slope and y? vs. ® curves,

rendering the determination of @p.. and O, ambiguous.
3.2. Morphology of discontinuous layers and film crystal structure
To correlate the trends with respect to @pe and O, observed in

Figs. 3-5 with the initial stages of island nucleation, growth, and coa-
lescence, we perform plan-view HAADF-STEM imaging of a-C/Ag/a-C
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Fig. 5. Continuous film formation thickness ®.., (determined by in situ wafer
curvature measurements) of Ag films grown on a-C/SiOy/Si substrates by DCMS
and HiPIMS (pulsing frequencies 200, 500, 1000Hz). Squares and circles
correspond to data from samples grown in pure Ar and mixed Ar-N, atmo-
spheres, respectively. Error bars correspond to width of the plateau of the
maximum in the 6 x © vs. ® curves (see Fig. 1) that delineates the tensile-to-
compressive incremental stress transition.
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films deposited on electron-transparent carbon-coated copper grids. Ag
films are synthesized by DCMS (in Ar and in Ar-N; atmospheres) and
HiPIMS (pulsing frequency 1000 Hz in Ar-N, atmosphere) at nominal
thicknesses © of 0.3, 0.6, 3.0 nm, and 6.0 nm. The micrographs are pre-
sented in Fig. 6(a) and reveal that the overall morphological evolution as
a function of © is independent from the composition of the sputtering
atmosphere and the choice of the deposition method: nearly spheroidal
nanoscale islands at ® = 0.3 nm increase in size at ® = 0.6 nm, primarily
due to attachment of newly deposited atoms. Further deposition renders
island impingement and coalescence the dominant structure-forming
processes, manifesting itself by a notable decrease in the object den-
sity (® = 3.0 nm). Moreover, the micrographs at ® = 3.0 nm feature both
seemingly spheroidal islands and clearly elongated structures, which
indicates that the coalescence becomes partially incomplete as the
growth rate of the islands in coalescing clusters exceeds the rate of
cluster reshaping. This surface configuration serves as the precursor for
the morphology to evolve into an interconnected network of elongated
clusters as the nominal thickness increases to ® = 6.0 nm.

The results of the quantitative analyses of the micrographs in Fig. 6
(a) with respect to the density N;, the size D, and the aspect ratio AR of
the objects imaged on the substrate surface are summarized in Table 2.
At all deposition conditions, the island density N; exhibits values in the
range 4.0 x 102 t0 4.9 x 10'2 cm~2 for ® = 0.3 nm. Such variation in N;
( 20%) is rather marginal [11,42] and it implies that the composition of
the gas atmosphere and the choice of the deposition method does not
significantly affect the dynamic competition between island nucleation
and growth that determines the magnitude of island density. Increase of
®t00.6nmleadstoN; =2.7 — 2.8 x 10'2 cm~2, which further decreases
t0 3.0 -4.0 x 10" cm~2 for ® = 3.0 nm.

The distributions of object size D for the micrographs corresponding
to ® =0.3, 0.6and 3.0nm in Fig. 6(a), are presented in Fig. S1 in the
supporting information file [43]. From the distributions in Fig. S1, we
determine the mean value D and its standard deviation o, which we list
as D +op in Table 2. For ® = 0.3nm, and irrespective of deposition
conditions, the mean island sizes are 2 nm. Upon increasing © to 0.6 nm,
D increases to 3 nm, while the distributions become broader (man-
ifested by an increase of the standard deviation 6p) most notably for
films grown in Ar-N, gas atmospheres. Further increase of © to 3.0 nm
yields an object size of 11.5 nm for the sample grown by DCMS in Ar
atmosphere, while addition of N5 to the plasmagenic gas (both for DCMS
and HiPIMS) results in D ~ 14 nm. The latter is consistent with a more
interconnected cluster morphology compared to the one obtained for
growth in pure Ar atmosphere.

The object aspect ratio AR distributions for nominal thicknesses of
0.3, 0.6, and 3.0 nm are plotted in Fig. S2 [43] and the corresponding
AR + o,g values are presented in Table 2. Upon increasing © from 0.3 to
3.0nm, AR decreases from 0.85 to 0.7 and the respective distributions
become progressively broader, i.e., the objects on the substrate surface
become more elongated. Moreover, the AR values for ® = 3.0nm are
somewhat smaller (i.e., clusters are more elongated) for samples grown
in mixed Ar-N, ambient, as compared to samples deposited in pure Ar.

The interconnected network of elongated clusters observed for © =
6.0 nm does not allow us to accurately determine the object density, size,
and aspect ratio. However, it is clearly visible that the areal coverages Q
of the samples grown by DCMS and HiPIMS in Ar-N; atmosphere are
larger as compared to that of the samples grown in pure Ar. The evo-
lution of Q vs. nominal thickness @ is plotted in Fig. 6(b). There it is seen
that samples grown in Ar-Ny mixtures exhibit similar areal coverage
values (green circles and blue triangles for DCMS and HiPIMS, respec-
tively), while the corresponding areal coverage values for samples
grown by DCMS in pure Ar (black squares) are smaller for ® > 3.0 nm.
The results presented in Fig. 6 are consistent with the data in Figs. 3 -5, i.
e., presence of Ny in the sputtering atmosphere favors 2D morphological
evolution and thereby formation of a continuous layer at smaller nom-
inal thicknesses as compared to samples grown in pure Ar. Moreover, the
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Fig. 6. (a) Plan-view HAADF-STEM micrographs of Ag films grown on electron-transparent carbon-coated copper grids. Before Ag growth, the carbon-coated grids
are covered by an 8 nm thick a-C layer, while immediately after Ag growth the deposited film is capped by a 8 nm a-C layer to minimize post-growth morphological
changes upon exposure of the sample to the atmosphere and the electron beam during the STEM observation. The micrographs are collected from films of various
nominal thicknesses (as indicated in the micrographs) grown by DCMS in pure Ar atmosphere (top row), DCMS in mixed Ar-N; atmosphere (middle row), and HiPIMS
at a pulsing frequency of 1000 Hz in mixed Ar-N; atmosphere (bottom row). (b) Substrate areal coverage vs nominal thickness extracted by analyzing HAADF-STEM
micrographs at the synthesis conditions shown in the top panel. The error bars are determined by measuring the surface area with a contrast threshold of +5% with
respect to the default threshold, which is set according to the procedure described in Ref[33]. The dashed lines are guides to the eye.

fact that differences in areal coverage, island size distribution, and is-
land shape are observed for ® > 3.0nm means that Ny promotes 2D
morphology by delaying the process of island reshaping during coales-
cence, such that coalescing clusters exhibit a larger in-plane expansion

rate vs. out-of-plane growth. This in in agreement with previous studies
pertaining to the role of Ny [8,17,19], O3 [20,21], and other metals [15]
as surfactants during Ag-layer growth on weakly-interacting substrates.

Plan view HAADF-STEM data and analyses are complemented by
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Table 2

Applied Surface Science 649 (2024) 159209

Results of quantitative analyses of plan-view micrographs from Fig. 6(a). Columns 4, 5, and 6 list the density N;, size D, and in-plane aspect ratio AR, respectively, of the
objects imaged on the substrate surface. For D and AR the mean value + standard deviation (D + op, and AR =+ 64R) is listed, both determined the size and aspect ratio

distributions shown in Figs. S1 and S2, respectively.

Deposition method Gas atmosphere Nominal thickness © (nm) Density N;(cm~2) Size D (nm) Aspect ratio AR
DCMS Ar 0.3 4.5 x 10'2 2.21+0.73 0.86 + 0.06
DCMS Ar 0.6 2.8 x 10'2 2.95+0.96 0.76 £0.11
DCMS Ar 3.0 4.0 x 101 11.6 +£3.20 0.73+0.15
DCMS Ar-N, 0.3 4.0 x 1012 2.20 +0.70 0.84+0.06
DCMS Ar-N, 0.6 2.7 x 1012 3.20 £0.94 0.70 £0.11
DCMS Ar-N, 3.0 3.0 x 101! 14.1+4.87 0.68 +0.19
HiPIMS Ar-N, 0.3 4.9 x 10'2 1.98+0.68 0.86 +0.06
HiPIMS Ar-N, 0.6 2.7 x 10'2 3.22+1.13 0.79 +0.07
HiPIMS Ar-N, 3.0 3.0 x 101! 14.1 £ 4.64 0.71+0.18

XRD measurements on continuous ( 35 nm thick) films grown by DCMS
and HiPIMS (1000 Hz) in Ar and Ar-N; atmospheres, as well as by EBE in
the absence of any gas and in pure N3 atmosphere. Both 111 and 200
reflections are detected in the XRD patterns of all samples, as seen in
Fig. S3 in the supporting information file [43]. The 111 reflections are
dominant for films grown in Ar atmosphere (DCMS, HIPIMS) or in the
absence of any gas (EBE), i.e., those films exhibit a pronounced < 111 >
crystallographic texture. Addition of N» to the plasmagenic gas leads to
an increase of the intensity of the 200 reflections (relative to that of 111
reflections) for films grown by DCMS and HiPIMS. Concurrently, all XRD
reflections become broader (the full width at half maximum increases to

0.5 vs. 0.4" for growth in pure Ar atmosphere) indicating a decrease in
crystallite size. Given that coalescence completion is a key process for
texture selection and grain coarsening [44], the XRD data for DCMS- and
HiPIMS-grown films are consistent with the notion that N addition to
the plasmagenic gas leads to an earlier onset of incomplete coalescence.
In contrast to the films synthesized by magnetron sputtering, the XRD
pattern of EBE-grown films is not affected by the Ny addition to the
deposition atmosphere, which is consistent with the results presented in
Figs. 3 and 4.

3.3. Chemical composition and bonding properties

Compositional analysis by means of ToF-ERDA shows that all sam-
ples predominantly consist of Ag (content > 99 at. %) and contain small
fractions of impurities, including hydrogen, carbon, and nitrogen (N). In
particular, we find that films grown by sputtering (both DCMS and
HiPIMS) in mixed Ar-N, ambient (% = 0.1) exhibit a N content in the
range 0.1 —0.2 at. %, while for samples grown in pure Ar the N content is
< 0.05at. %, i.e., below the ToF-ERDA detection limit. The latter is also
the case for samples synthesized by EBE, irrespective of the composition
of the gas atmosphere. Since the N content of 0.1 —0.2 at. % is rather low
and close to the detection limit of ToF-ERDA, we also grow a reference
200 nm thick Ar-No DCMS sample (on SiOy/Si substrate) at % =0.25to
ascertain the ability of the technique to measure small variations in light
elements content. The analysis shows that increase of % to 0.25 leads to
a clear increase of the N content to 0.3 at. % vs. 0.17 at. % for a 200 nm
thick reference sample grown at ‘P’T’ﬁ = 0.1. Moreover, N is present
throughout the film thickness as seen in the depth profile data shown in
Fig. S4 [43].

ToF-ERDA measurements are complemented by XPS analyses of Ag
films grown on a-C/SiOy/Si substrates by DCMS in pure Ar and mixed
Ar-N, atmospheres. Survey XPS scans (not shown here) reveal the ex-
istence of all Ag-related peaks (Ag-3 s, Ag-3p, Ag-3d, Ag-4 s, and Ag-4p).
In addition, high resolution core-level Ag-3d scans (plotted in Fig. S5
[43]) show that only Ag-Ag bonds are detected in the films, even for
synthesis conditions at which ToF-ERDA measurements show N incor-
poration in the Ag layer. This may be explained by the relatively small N
content ( 0.17 at. %), but it is also consistent with previous studies which
report that no Ag-N compounds form during sputter deposition in Na-

containing gas atmospheres [8,17,19,45]. Such lack of compound for-
mation may also lead to a relatively easy desorption of N from the
growing surface, which can be the reason for which only trace amounts
of N are found even though the gas atmospheres contain N with partial
pressures as high as 25 %. High resolution N1s scans (not presented
here) are consistent with the notion of N incorporation in the films.
However, the signal is dominated by surface contamination, hence
quantification of the N content by XPS is not possible.

3.4. Structure-forming mechanisms and growth dynamics

In Figs. 3 and 4, we see that @pec and O,y values for EBE-deposited
films are clearly larger than those of their sputtered-deposited (both
DCMS and HiPIMS) counterparts, i.e., EBE yields a more pronounced 3D
morphological evolution. The 2D/3D character of film growth, as re-
flected in the magnitude of @per. and Oop, is determined by the dynamic
competition between island growth and island coalescence completion
rate. For a given nominal thickness, the former increases with increasing
the vapor arrival (i.e., deposition rate) on the growing film surface until
the point that the time required for neighboring islands to impinge upon
another becomes equal to the time required for a coalescing cluster to
reshape and relax to its equilibrium shape [37,39-41,46]. Beyond that
point, coalescence becomes incomplete and an interconnected network
of elongated clusters forms leading to a percolated and eventually a
continuous layer. Since both EBE and sputtering experiments are con-
ducted at identical deposition (i.e., vapor arrival) rates of 0.1nm-s!,
the differences in . and O seen in Figs. 3 and 4 cannot be attrib-
uted to the process of island growth and impingement. The key differ-
ence between EBE and sputtering is that in the latter technique the
growing surface is exposed to bombardment by hyperthermal gas and
metal species with energies of a few eV to a few tens of eV. Such
bombardment may either enhance island nucleation density via cluster
dissociation and surface defect formation or it may decrease nucleation
probability on terraces due to enhancement of adatom mobility
[11,47,48]. Both scenarios can potentially promote 2D morphological
evolution since: (i) a higher density and thereby smaller size of 3D nuclei
on the substrate surface would result in a higher in-plane substrate
surface coverage during the initial film growth stages; and (ii) a
decreased layer nucleation rate on flat sidewall facets of nanoscale
islands would hinder facet migration across islands and mass transport
during island coalescence and cluster reshaping, thereby leading to an
earlier onset of elongation and percolation transition [49].

An additional feature of the sputtering processes is that interactions
of energetic plasma electrons with gas species can modify the plasma
chemistry. In the case of Ar-N, gas mixtures used in the present study,
energetic electrons may dissociate molecular Ny into atomic N [22,23].
Yun et al. [17] have suggested that atomic N generated in sputtering
discharges acts as surfactant that reduces the surface free energy of
nanoscale Ag islands and improve their wetting on weakly-interacting
ZnO substrates. This effect can be considered equivalent to N species
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delaying the 3D reshaping of islands during coalescence and thereby
promoting 2D morphological evolution for sputtered Ag films grown on
SiO4/Si and a-C/SiOy/Si in the present study.

Gervilla et al. [49] have suggested that coalescence of faceted
nanoscale islands during film growth occurs by migration of sidewall
facet layers from one island of the coalescing cluster to the other, such
that one island is effectively absorbed by the other. This process is
mediated by a net flux of atoms via the intersection formed at the neck
area of the coalescing cluster, followed by nucleation and growth of
sidewall facet layers. Adsorption of N on the island facets may disturb
the net atomic flux and thereby delay the facet-layer migration across
islands. Dedicated studies enabling to image and obtain atomic-scale
compositional information from coalescing clusters, along with growth
simulations will be required to shed further light on atomistic processes
that govern morphological evolution of Ag films under the presence of N
and other surfactant species. We also note that the effect of N on film
morphology is associated with incorporation of trace amounts of N
( 0.2at. %) in the Ag layers as shown in Section 3C. This does not rule out
that significantly larger coverages of N are established on the film sur-
face during growth. Given that no Ag-N compounds form, it is likely that
atomic N floats on the film surface (i.e., acts a surfactant) and eventually
undergoes associative desorption in the form of Ny [50].

The absence of plasma in EBE yields a gas atmosphere that only
contains molecular Ny. Such molecular species are expected to have
significantly shorter residence times on the film surface (as compared to
the more active atomic N species) [50,51] and hence they have no effect
on film growth. When comparing DCMS to HiPIMS, one should expect
that the higher electron density in HiPIMS would result in higher Na
dissociation rates and thereby a more pronounced effect on film
morphological evolution. This effect is not observed in our data, and it
might indicate that the plasma conditions, in terms of peak power used
in our experiments, are not sufficient to yield a noticeable difference in
plasma chemistry, considering the relatively large N2 dissociation en-
ergy of 9.8 eV [22]. An alternative explanation is that the N flux
generated by N dissociation during DCMS is sufficient to adsorb on
available Ag surface sites, such that an increase of N atom supply when
using HiPIMS has no effect on the film growth evolution. The overall
findings with respect to EBE-, DCMS-, and HiPIMS-grown films call for
investigations in which plasma chemistry and energetics are systemat-
ically and independently varied (e.g., by using external ion sources for
generating N beams of well-defined energy) for further understanding
the effect of N3 on the morphological evolution of Ag films on weakly-
interacting substrates.

4. Summary and conclusions

In the present work, we study the effect of Ny gas on the vapor-based
growth of thin Ag films on weakly-interacting amorphous carbon (a-C)
and SiOx surfaces. To access a wide range of conditions with respect to
energies and ionization degrees of film-forming and plasma species, as
well as the propensity towards atomic N generation via Ny dissociation,
film deposition is carried out by three methods, i.e., direct current
magnetron sputtering (DCMS), high-power impulse magnetron sput-
tering (HiPIMS), and electron-beam evaporation (EBE). Using in situ and
real-time substrate curvature measurements and surface differential
reflectance spectroscopy, we find that addition of Ny to DCMS and
HiPIMS discharges promotes formation of continuous layers at nominal
thicknesses of 10nm, considerably smaller compared to that for films
grown in pure Ar atmosphere ( 15nm). In situ analyses are combined
with ex situ transmission electron microscopy studies of discontinuous
layer morphologies which reveal that the origin of 2D morphology in
nitrogen-modified growth is caused by delay of island reshaping during
the process of coalescence. Moreover, ion beam-based composition
analysis reveals that Ny in the sputtering atmosphere results in an
incorporation of 0.1 —0.2 at.% N in the deposited layer. Concurrently, no
effect on film morphology and composition is observed when N is
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present in the growth atmosphere during EBE depositions. Based on
these findings, we argue that plasma-induced dissociation of molecular
N during sputtering causes prolonged adsorption of atomic N onto the
film growth front thereby delaying island coalescence, while the absence
of plasma and hence dissociation during EBE renders N, ineffective for
affecting film growth. The results presented herein show that further
manipulation and optimization of Ag and metal film morphology on
weakly-interacting substrates using gaseous species as surfactants re-
quires accurate control of the plasma chemistry in terms of dissociation
of molecular species to their atomic constituents, as well as deeper un-
derstanding of the plasma chemistry on the dynamics of the various film-
forming processes.
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