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ABSTRACT: Tailoring of plasmon resonances is essential for applications in
anticounterfeiting. This is readily achieved by tuning the composition of alloyed
metal clusters; in the simplest case, binary alloys are used. Yet, one challenge is the
correlation of cluster morphology and composition with the changing optoelectronic
properties. Hitherto, the early stages of metal alloy nanocluster formation in immiscible
binary systems such as silver and copper have been accessible by molecular dynamics
(MD) simulations and transmission electron microscopy (TEM). Here, we investigate
in real time the formation of supported silver, copper, and silver−copper-alloy
nanoclusters during sputter deposition on poly(methyl methacrylate) by combining in situ surface-sensitive X-ray scattering with
optical spectroscopy. While following the transient growth morphologies, we quantify the early stages of phase separation at the
nanoscale, follow the shifts of surface plasmon resonances, and quantify the growth kinetics of the nanogranular layers at different
thresholds. We are able to extract the influence of scaling effects on the nucleation and phase selection. The internal structure of the
alloy cluster shows a copper-rich core/silver-rich shell structure because the copper core yields a lower mobility and higher
crystallization tendency than the silver fraction. We compare our results to MD simulation and TEM data. This demonstrates a route
to tailor accurately the plasmon resonances of nanosized, polymer-supported clusters which is a crucial prerequisite for
anticounterfeiting.
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■ INTRODUCTION

The tuning of plasmon resonances has important applications
in biosensor devices1−5 and photovoltaics6,7 because the
plasmon resonance strongly depends on the cluster size,
arrangement, the materials used, and their composition.8

Especially the use of bimetallic alloys allows for fine-tuning of
the plasmon resonance,9 which offers new pathways in
anticounterfeiting: in combination with polymer supports
and templates,10 structural color can readily be achieved by
exploiting the plasmon resonance.4,11−13 Moreover, this
enables fast electrochromic color switching of smart
windows.14 Hence, understanding the correlation of size and
composition with the plasmonic and optoelectronic behavior
of polymer-supported metal cluster systems carries high
potential but also is a challenge. The kinetics of the formation
of single-component clusters on surfaces and their physical
properties has extensively been investigated, both by theory
and experiments.10,15−18 Besides such single-component
clusters, presently alloys or multicomponent-supported clusters
receive increasing attention. Prominent supported cluster
synthesis methods include chemical methods19 and vacuum

deposition.20−22 Hence, already much effort has been under-
taken to synthesize such multicomponent and metallic clusters
using different methods such as pyrolysis,23 sol−gel syn-
thesis,24 templating,25 aggregation sources,26,27 and sputter
deposition.8,28,29 The nucleation and growth of silver and
copper clusters during magnetron sputtering was observed very
successfully by X-ray scattering.30,31 Applications of supported
clusters range from heterogeneous catalysis32 and photo-
catalysis33 to information technology34 and solar cells35 as well
as anticounterfeiting.36−39 Here, nanoscale heterostructures
and alloying allow for the facile tuning of chemical and
optoelectronic properties.40,41 Sputter deposition allows for
alloying and high cluster density layers,42 enabling, for
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example, an organic shell-free cluster incorporated in layer-by-
layer printing processes.43

In this respect, the kinetics during the formation of
bimetallic clusters has attracted big interest. Especially the
temporal evolution of their electronic and geometric structure
was investigated.44,45 Observing the formation of such
bimetallic clusters during deposition and the concomitant
phase separation on the nanoscale in real-time was hitherto
accessed by molecular dynamics (MD) simulations.46 In detail,
the system silver (Ag)−copper (Cu) alloy has received
considerable attraction. In AgCu clusters, a strong tendency
of Ag and Cu to demix is observed. Ag is predicted to segregate
at the surface. This can even lead to a wetting of Ag on the Cu
core.47 Hence, we focus in the present study on this interesting
alloy system.
Here, we present a combined in situ study using grazing-

incidence small- and wide-angle X-ray scattering (GISAXS/
GIWAXS) and UV−vis spectroscopy during sputter deposition
to observe in real-time and quantitatively the alloy cluster
formation and phase separation of the immiscible Ag−Cu
binary system during growth on poly(methyl methacrylate)
(PMMA) thin films. The onset of phase separation is identified
and correlated with the occurrence and red-shift of the
plasmon resonance, which can be taken as a fingerprint for
future large-scale manufacturing because UV−vis spectroscopy
is a well-established industry process. We complement our
results by high-resolution transmission electron microscopy
(HRTEM) to corroborate the demixing stage and atomic force
microscopy (AFM) to probe the differences in metal cluster
morphology and percolation. We are able to deduce mobility
coefficients for Ag, Cu, and Ag42Cu58 alloy clusters. TEM is a
well-established method for investigating Cu−Ag nanoalloy
structures.48−50 Our results show quantitative agreement with
MD simulations from Bonitz et al.46 Based on the knowledge
on the nanoscale dynamics, the plasmon resonance shift
induced by morphological changes is quantified, which makes
it useful for anticounterfeiting based on nanoscale hetero-
structures.12,51

■ EXPERIMENTAL SECTION
Materials. Thin PMMA films were spin-coated with a thickness of

(80 ± 5) nm. PMMA has a Mw = 267 kg/mol and a polydispersity of
P = 1.3 (Polymer Source Inc., Canada). The polymer films were
deposited by spin coating using polymer solution in toluene (12.5 g/
L) onto acid pre-cleaned Si(100) substrates (size 12 × 15 mm2, Si-
Mat). The spin coater used was Delta 10TT (SÜSS Micro Tec
Lithography, Germany, 850 rpm, ramp 9, 30 s).
For sputter deposition, targets were 2 inch in diameter, obtained

from Kurt J. Lesker with purity > 99.99.%. Targets were Ag, Cu, and
Ag−Cu with a ratio of 42.4:57.6 for the alloy target. We refer to the
composition as 42:58 (Ag−Cu).
Sputter Deposition. Sputter deposition was performed using a

custom-built direct current (DC) magnetron sputter chamber,
described in earlier experiments.52 Sputter deposition is a mature
physical vapor deposition technology with reliable repeatability.16,53,54

We adjusted the deposition rates (J = 0.15 ± 0.01 nm/s) to be as
similar as possible using a quartz crystal microbalance. However, in
this deposition regime, we expect no significant change in the
percolation threshold based on the deposition rate.53 For alloy cluster
deposition, we used a single alloy target, see above. The sputter
deposition parameters are summarized in Table S1, Supporting
Information. Scheme 1 illustrates the bottom-up multilayer system
and fabrication from a material perspective (spin coating of PMMA
from toluene and subsequent sputter deposition of Cu, Ag, and the
alloy). This functional stack consisting of metal alloy clusters/PMMA

spacer layer/silicon as mirror substrate exactly follows the layout used
for anticounterfeiting outlined by Walter et al.55 and Dobrowolski et
al.39

Atomic Force Microscopy. AFM measurements were performed
using the tapping mode (NTEGRA Probe Nano-Laboratory, Russia).
High-resolution NSG03 semi-contact cantilevers with a tip radius of 6
nm and a resonant frequency of (90 ± 8) kHz (NT-MDT, Russia)
were used to measure AFM. For each sample, AFM images were taken
with scan sizes of 6 × 6 μm2, 2 × 2 μm2, and 1 × 1 μm2.

Transmission Electron Microscopy. TEM was performed using
a Jeol JEM-2100 (Tokyo, Japan). The acceleration voltage was set to
200 kV using a LaB6 cathode. For TEM sample preparation in this
work, the alloy films were deposited on carbon-coated copper grids.

Grazing-Incidence Small- and Wide-Angle X-ray Scattering.
The details of the in situ GISAXS/GIWAXS experiments combined
with sputter deposition as well as the details of the analysis are given
in the Supporting Information. Due to the enlarged footprint in
GISAXS and GIWAXS, statistical relevant morphology and structure
data are retrieved.

Surface Differential Reflection Spectroscopy. A deuterium
halogen source (Ocean Insight, DH-2000-BAL), providing UV−vis−
NIR light, and a detector (Ocean Insight, STS-Vis) with a spectral
range from 340 to 820 nm were used. Both light source and detector
were assembled to viewports at the process chamber under an angle of
incidence of 55°. Because the reflection UV−vis experiments were
performed in situ, the sample was not exposed to air during these
measurements. Therefore, oxidation was ruled out. This is advanta-
geous for experiments involving Cu and CuAg in particular because
Cu is prone to oxidation (especially for nanoscale clusters due to their
high surface/volume ratio).

■ RESULTS AND DISCUSSION
We present here the results of the combined time-resolved
GISAXS/GIWAXS and in situ sputter deposition experiments
on the three investigated systems on PMMA: Ag, Cu, and
Ag42Cu58. The analysis of the GIWAXS data provides in situ
information on the phase separation in the crystalline parts of
the clusters. Figure 1a−c shows the one-dimensional cake-cuts
of the 2D GIWAXS data I(2θ) with θ being the diffraction
angle for Ag, Cu, and Ag42Cu58 alloy (nominal alloy
composition). Data are shown at five selected deposited
effective thicknesses together with the corresponding fits based
on Lorentzian functions for extracting peak positions,
amplitudes, and widths. Details of the analysis are given in
the Supporting Information. In the case of Ag, the Ag(111)
peak has a much higher intensity than the Ag(200) peak
(Figure 1a). In the case of Cu, only the Cu(111) peak is visible
given that the Cu(200) peak is located outside the 2θ range

Scheme 1. In the First Step, PMMA is Spin-Coated from
Toluene Solution onto a Cleaned Silicon (Si) Wafer and is
Dried under Ambient Conditions; the Fabricated PMMA
Spacer Layer of 80 nm Thickness on Si is Transferred to the
Sputter Deposition Chamber; Cu (x = 0), Ag (x = 1), and
the Alloy (x = 0.42) are Deposited onto the Thin PMMA
Film via DC Magnetron Sputter Deposition
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covered by the detector (Figure 1b). In the case of Ag42Cu58,
the GIWAXS pattern does not show well-separated peaks but a
broad peak with shoulders (Figure 1c), which indicates that
several crystalline phases are present during the deposition of
the binary system. As deduced from the GIWAXS data of the
metals, we may assume (111) face-centered cubic (fcc) Bragg
peaks giving the main contribution. Following Vegard’s law for
calculating the lattice parameter in crystalline alloys56

d
x

d
x

d(Ag Cu )
100

(Ag) 1
100

(Cu)x x111 100 111 111= + −−
i
k
jjj

y
{
zzz

(1)

expressing the composition of a mixture with x being Ag
fraction in the alloy and a111 the respective pure metal bulk
lattice parameters in (111) direction, one can calculate the
d111(AgxCu100−x) lattice constant of the different crystalline
phases present.56 Based on this assumption, the final GIWAXS
pattern has been modeled using three crystalline phases:
AgxCu100−x with x = 8 (Cu-rich phase) and d111(Ag8Cu92) =
2.109 Å, 2θ = 26.142°; x = 45 (mixed phase with nearly
nominal target composition) and d111(Ag45Cu55) = 2.207 Å, 2θ
= 25.03°; and x = 82 (Ag-rich phase) and d111(Ag82Cu18) =
2.309 Å, 2θ = 23.838°. Please note that the compositions are
deduced from the GIWAXS data, corresponding to the three
diffraction peaks shown in Figure 1c. The different
contributions to the GIWAXS signal for the alloy clusters are
highlighted in Fig. S8 (Supporting Information). We estimate
an uncertainty of ±3 (absolute) in phase composition, for
example, Ag45±3Cu55±3. As seen in Figure 1d, the integrated

intensities of the (111) peaks grow with the increase in
deposited layer thickness, meaning that the deposited material
is crystalline. Interestingly, the growth of the alloy particles
clearly shows a phase separation in the above-mentioned three
phases. The inset in Figure 1d depicts a delayed onset of the
Ag-rich phase growth (indicated by the gray arrow), while the
Cu-rich phase shows a traceable diffraction peak from around
δAgCu = 0.5 nm on. In detail, upon the deposition of Ag42Cu58,
in the early stages, we observe the growth of two types of
crystallite fractions contributing to the diffraction signal. Both
crystallites are considered as alloys. One type of crystallite has
a composition of 92% Cu and 8% Ag. The second type of
crystallite grows at the same time and has nearly the nominal
composition with 45% Ag and 55% Cu. Thus, rather mixed
alloy clusters with some Cu-rich crystalline core are initially
established and grow in the early stages of Ag42Cu58 sputter
deposition. From an effective thickness δAgCu = (1.0 ± 0.1) nm
onward, growth of Ag-rich clusters set in (x = 82). The
composition of 82% Ag and 18% Cu is as well consistent with
an emerging Ag-dominated shell surrounding the Cu-rich
phases in the core of the clusters. When a critical cluster size is
reached, phase segregation occurs, and we obtain a Cu-rich
core/Ag-rich shell internal structure of the clusters. These
observations are consistent with MD simulations of AgCu alloy
formation by Abraham and Bonitz.46 The nominal composi-
tion solid solution structure is metastable.48 The different
compositions found in GIWAXS indicate a phase separation of
the metastable nominal alloy composition clusters upon
coalescence, when approaching the partial percolation thresh-

Figure 1. Cake cuts of the 2D GIWAXS data collected during sputter deposition of (a) Ag, (b) Cu, and (c) Ag42Cu58 for selected times indicated
by the corresponding deposited thickness of 0.6, 1.0, 2.0, 4.0, 5.5, and 10.0 nm. The fits are cumulatively coupled fcc Bragg peaks considering the
intensity and angular coupling between (111) and (200) peaks for reducing the degrees of freedom. (d) Extracted integrated intensity for the fitted
(111) diffraction peak during deposition: ● Ag (gray), ● Cu (orange), ⧫ Ag8Cu92 (orange), ⧫ Ag45Cu55 (violet), and ⧫ Ag82Cu18 (gray). The inset
shows the zoom-in of the integrated intensities found for the different (111) diffractions of the Ag42Cu58 specimen. The arrows denote the first
onset of (111) intensity for AgxCu100−x at around 0.5 nm (black: x = 8, x = 45) around 1 nm, (gray: x = 82). x denotes the Ag fraction in the alloy.
(e) Extracted crystallite sizes using the Scherrer equation for Ag (gray), Cu (orange), and Ag45Cu55 (violet). The resolution for extracting the
crystallite size is shown as a gray area.
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old. At the partial percolation threshold, one observes the
beginning of partial coalescence of previously isolated clusters,
which leads to ramification.57 Due to the clusters’ metastable
state, upon touching each other, the phase segregation starts.
This phase segregation is readily visible when the peak around
23.8° starts to emerge, indicating the onset of the formation of
the Ag-rich phase. According to Chen and Zuo,58 a Cu-rich
phase and an Ag-rich phase exist in as-deposited films with a
minimal thickness of 2.8 nm. Our results obtained during in
situ sputter deposition show that the Ag-rich phase occurs after
a deposition of 1 nm, which is close to the results by Chen and
Zuo,58 obtained by ex situ sputter deposition of Ag50Cu50 at a
selected thickness investigated by TEM.
Figure 1e depicts estimates for lower limits of crystallite sizes

of Ag, Cu, and Ag45Cu55 alloy deduced from the GIWAXS data
based on the Scherrer analysis. Assuming changes in this size
being representative for crystal sizes of Cu, Ag, and nearly
nominal alloy composition domain phase, we note both, an
increase in size for Ag and Cu, while the nominal alloy
composition shows a significantly decreased growth. A cross-
over point of the different cluster sizes is observed around a
deposited thickness of 3 nm, when assuming that the clusters
are mostly formed by crystalline material. This indicates a
potential progressive phase separation during the alloy
deposition, passing the partial percolation threshold. The
crystallite size tends to be larger for Cu than for Ag. This might
already indicate that the optical response as probed with
surface differential reflectance spectroscopy (SDRS) will be
dominated by Cu crystallites in the alloy layer, as Ag tends to
be present as the major shell component.
The HRTEM image evaluation with respect to the

composition of an Ag42Cu58 cluster is shown in Figure 2.
Figure 2a displays an isolated Ag42Cu58 cluster with high
circularity and a diameter of 5 nm at a deposited film thickness
of 1 nm. The corresponding fast Fourier transformed (FFT)
pattern (Figure 2b) reveals one dominating lattice plane
distance of 0.229 nm, which can be designated to the {111}-
planes. The FFT suggests a single solid solution with a
spherical Ag42Cu58 cluster due to the lack of other spatial
frequencies. In contrast, Figure 2c shows clusters, which have
undergone coalescence at a deposited film thickness of 1 nm.
From the corresponding FFT (Figure 2d), it turns out that two
different phases are present in the coalesced particle. Again, the
lattice fringes correspond to the {111}-planes. However, one
set of {111}-planes relates to a lattice spacing of 0.200 nm,
which belongs to a Cu-rich phase, whereas the other set with
0.234 nm belongs to an Ag-rich phase. Thus, the position of
Cu- and Ag-rich domains are identified by means of inverse
FFT (IFFT). The Ag-rich domain (Figure 2e) becomes visible
by filtering out shorter frequencies (belonging to the Cu-rich
phase) in the IFFT. To reveal the Cu-rich domains (Figure 2f),
longer frequencies are filtered out. Importantly, the results
presented in Figure 2 are representative for the majority of the
investigated clusters. In the literature, it was reported that
isolated clusters in the Ag42Cu58 film tended to exist in the
form of a metastable solid solution;41 clusters which were
apparently forced to coalesce, tended to consist of separate
phases. These earlier findings suggest that the phase separation
of Ag42Cu58 clusters occurs when a certain critical volume is
reached around the partial percolation threshold, where cluster
coalescence prevails over surface diffusion of isolated clusters.
Thus, the establishment of a boundary between two adjacent
clusters fosters demixing via spinodal decomposition pathways

over a wide composition range.48 Hence, our investigations
fully agree with the previous observations and, very
importantly, they bridge the gap between MD simulated
cluster growth and experiments with HRTEM.
In order to elucidate the growth kinetics, respectively,

atomic mobilities and to obtain statistically averaged quantities,
we complement the results from our GIWAXS and HRTEM
measurements with in situ GISAXS measurements allowing for
retrieving the local changes in cluster morphology during the
sputter deposition. The GISAXS intensity distributions are
proportional to lateral and parallel correlations in the electron
density averaged over the macroscopically illuminated volume.
Thus, the temporal evolution of the key scattering features (see
Supporting Information Figures S1 and S2) decodes the
growth kinetics and morphology averaged over approx. 1010

clusters at the same time. The nonequilibrium cluster growth
morphology is modeled with geometrical assumptions of local
monodisperse hemispherical clusters in a hexagonal arrange-

Figure 2. HRTEM images representing (a) an Ag42±3Cu58±3 cluster
on a carbon layer on a TEM grid with high circularity and (c) an
Ag42Cu58 cluster in the beginning state of coalescence. (b) FFT of the
single cluster reveals the mixed state. The arrow hints at dominating
frequencies (visible as maxima), which can be designated to the
{111}-planes. The circle serves as a guide-to-the-eye for the iso-
frequency positions in the FFT. (d) A demixed state is found for the
coalesced clusters. The orange-outlined arrow points at the
dominating frequency in the FFT of the Cu-rich phase, while the
blue-outlined one corresponds to those of the Ag-rich phase. The
frequencies are designated to the {111}-planes of the respective
phases. The orange-/blue-dashed circles serve as guide-to-the-eye to
visualize the iso-frequency positions in the FFT of the dominating
frequencies. The circles are clearly separated. (e) IFFTs of image (d)
disregarding frequencies, which correspond to the Cu-rich phase
shows a Ag-rich regime in the coalesced cluster. (f) Second IFFT of
image (d) shows the Cu-rich regime disregarding frequencies
corresponding to the Ag-rich phase. (e) and (f) have the same
scale as in (c). One set of {111}-planes relates to a lattice spacing of
0.200 nm, which belongs to a Cu-rich phase (d), whereas the other set
with 0.234 nm belongs to an Ag-rich phase (d), while for CuAg, the
lattice spacing is 0.229 nm, which can be designated to the {111}-
planes (b).
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ment acting as coherent scattering domains.59 The model
quantifies the evolution of interparticle distances D and cluster
radii R as a function of the deposited effective layer thickness
for each single and binary metal deposition (see Supporting
Information, Figure S3). Due to the key scattering features in
the 2D GISAXS pattern (see Figure S1b in Supporting
Information), a hemispherical cluster shape is assumed. This is
further justified by the extracted percolation thresholds for Cu
and AgCu, which lie close to our previous results for Cu on a
diblock copolymer film [polystyrene-block-poly(ethylene
oxide), PS-b-PEO].60 The hemispherical shape here compared
to the vertically elongated Cu clusters found by Schaper et al.60

on diblock-copolymer templates is attributed to the different
metal−substrate interactions on PMMA homopolymer thin
films compared to the diblock copolymer film in ref 52.
GISAXS allows for observing average electron densities.

Figure 3a shows the thickness-dependent evolution of the ratio
cluster diameter (2R) to an interparticle distance (D) of the
Ag, Cu, and AgCu clusters during the sputter deposition as
probed by GISAXS. The position of the first local maxima
around 2 nm yields the partial percolation threshold,61

indicated by the dashed lines. The onset of the full percolation
is given by the critical thickness, where 2R/D = 1 is indicated
by solid lines. The latter one denotes the insulator-to-metal
transition by providing a macroscopic electrically conductive
pathway.62 As expected for a composition of 42:58 (Ag−Cu)
of the deposited materials, the percolation threshold of
Ag42Cu58 lies between that of Cu and Ag with Cu percolating
at a lower thickness. This corroborates our recent findings.60,62

All three curves show a typical four-stage growth behavior.63

Below 2 nm, we observe a diffusion-mediated growth, which is
indicated by an increase of 2R/D. This growth levels off in
maxima, which indicate the transition to the adsorption-
mediated regime. Here, isolated clusters reach a critical size,
where the merging of two clusters takes longer time. This
growth mode leads to dumb-bell-shaped elongated clusters.
The growth via adsorption continues until the percolation
threshold, where a network of interconnected clusters is
established. While the partial percolation threshold allows for
retrieving values of the cluster mobility, the percolation
threshold yields information on the coalescence velocity. The
lower atomic mobility of Cu compared to Ag can be regarded
as Cu being more cohesive and leads to the observed earlier
percolation threshold. We note that the deposition rates of Ag,
Cu, and AgCu are slightly different (within 0.01 nm/s) due to
the used electronics of the sputter chamber, but these
differences do not influence the percolation threshold as
discussed in earlier work.53 Hence, the observed shift of the
percolation threshold uniquely depends on the material
compositions (Ag, Cu, and AgCu). The critical cluster radii
and partial percolation thresholds following Jeffers et al.57 are
for Cu δc,Cu = 2.1 nm, Rc = 3.7 nm, for Ag42Cu58 δc,Ag42Cu58 = 2.0
nm, Rc = 4.1 nm, and for Ag δc,Ag = 1.8 nm, Rc = 4.2 nm. The
consequence is as follows. Cu clusters are less mobile and have
a lower surface diffusion coefficient.64 Hence, they show a
larger cluster density at early stages (see Table S3 in the
Supporting Information). In addition, the Cu clusters need
more time to fully coalesce. Hence, the Cu clusters spread over

Figure 3. (a) Lateral aspect ratio of Ag (gray), Cu (orange), and nominal Ag42Cu58 (violet) clusters sputter-deposited on PMMA. Long-dashed
lines indicate the partial percolation threshold and dotted lines indicate the percolation threshold. (b) Evolution of cluster density of Ag (gray), Cu
(orange), and Ag42Cu58(violet). (c) Sketch for the local growth morphology of Ag, AgCu, and Cu on PMMA at 1, 2, 4, and 8 nm effective
thicknesses.
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a larger scale and the percolation threshold is reduced
compared to pure Ag deposition. Ag shows the higher
(relative) mobility and faster coalescence kinetics, leading to
shift of the percolation threshold to higher values and a lower
cluster density. Ag42Cu58 clusters shows intermediate kinetics
and percolation threshold. In ref 48, clusters below R < 2.5 nm
grow as solid metastable solutions. Upon the onset of
coalescence of clusters, phase segregation occurs. The
demixing is induced by the coalescence of critical-sized clusters
with diameters around 7.4−8.4 nm, that is, the diameter (2Rc)
of the clusters at the partial percolation threshold. This
corresponds well to recent results on phase-separating
nanoalloys,65 predicting a critical particle diameter of 8 nm
at equal composition of the components. We determine
experimentally 8.2 nm, which is in excellent agreement.
Concerning the cluster mobility, the reference value up to

now is (for gold): DS = 7.33 × 10−18 m2/s.61 In this earlier
work on sputter deposition of gold, the partial percolation
threshold was 1.9 nm.61 We follow Jeffers et al.57 using the
liquid surface tension for estimating the diffusion coefficient.
Using the relation δ ≈ J × tc relating deposited thickness δ,
deposition rate J, and critical time tc (the time of the partial
percolation threshold), we estimate the effective diffusion
coefficient or effective mobility via

D
k TJR

S
B c

4

c
4/3αδ γ

≈
Ω (2)

This value is the average of many cluster sizes and estimated
at room temperature. δc and Rc are determined by GISAXS
data. γ is deduced from tabulated values and weighted
according to the composition (see Table S3 in the Supporting
Information). We note that we used kBT = 4.1 × 10−21 J,
corresponding to T = 296 K, which corresponds to the
substrate temperature following Jeffers et al.57 In case of
thermal deposition under equilibrium conditions, a factor of
100:1 in atomic mobility of Ag to Cu is observed.64 This is not
the case in the present study, confirming the nonequilibrium
conditions during sputter deposition. We note, that the Jeffers
model makes use of the metal-on-metal surface diffusion. The
local maximum in 2R/D, see Figure 3a around a deposited
thickness of δ = 2 nm, allows for an experimental
determination of the elongation transition (ramification).49,50

At the same time, the partial percolation threshold depends on
the metal−polymer interaction. This give rise to a different
critical radius Rc when depositing the different materials.
The results are as follows (see also Table 3 in the Supporting

Information) for the diffusion coefficient: DS,Ag = 2.57 × 10−18

m2/s, DS,Ag42Cu58 = 2.61 × 10−18 m2/s, and DS,Cu = 1.97 × 10−18

m2/s. These values show that Cu is ∼25% less mobile with Ag
being more mobile. Thus, the mobility of the atoms on the
cluster surface of the metastable alloy clusters is dominated by
Ag atoms preferentially located at the cluster boundaries. Cu
atoms located in the core are much less mobile. In addition,
the internal decomposition potential may already act in the
early stages as a driving force for the enhancement of atomic
displacements on a substrate material. One should note,
however, that the used model represents a semiquantitative
calculation and yields a lower boundary for the determined
mobilities. The model does not consider the pinning of the
clusters on the substrate or grain boundary effects nor
substrate heterogeneities. Yet, using the same substrate and
different target compositions, we can at least deduce and

compare relative mobilities during the sputter deposition
process. Concerning the influence of surface energies, a rule of
thumb yields that materials having a higher surface energy are
coated by materials with lower surface energy in bimetallic
cluster systems.66 Table S3 confirms this rule, as Ag (0.95 J/
m2) coats Cu (1.35 J/m2), leading to the core−shell structure
regardless of the initial size of the clusters;67 MD and other
simulations show that differences in surface energies drive the
formation of Ag shell Cu core morphologies. Indeed, our in
situ measurements show that mixed clusters are present in the
beginning, which evolve into a core shell morphology for radii
> 6 nm, which corroborates the findings in ref 67. This
confirms that controlled cluster coalescence allows for
fabrication alloy clusters of with unique, patterned core/shell
morphology being a vital ingredient for anticounterfeiting.
Sputter deposition is an out-of-equilibrium process. An

equilibrium state necessary for phase diagram predictions will
not be reached. The substrate temperature is at room
temperature but the kinetic energy of the sputtered atoms
would yield a temperature of ∼1000 K.54 Thermalization and
interactions on the nanoscale with the substrate as well as
surface and boundary effects41 come into play. Hence, the
phase diagram (being established for bulk) gives a hint for the
tendency of demixing, but the absolute value of percentage will
be much different.
The cluster density during deposition is shown in Figure 3b.

For δAg42Cu58 < 1 nm, the Ag42Cu58 cluster density follows

closely the Cu cluster density trend. For 1 nm < δAg42Cu58 < 2.5
nm, the cluster density of Ag42Cu58 follows the trend of the Ag
cluster density. For δAgCu > 2.5 nm beyond the partial
percolation threshold, the Ag42Cu58 cluster density seems to be
dominated by Cu. This finding is consistent with the reports
that surface atomic mobility for Ag is approximately a factor
100 larger than for Cu, leading to lower cluster density.64 It
also matches well with the mobilities discussed above. Close to
the nucleation threshold, we observe the following cluster
densities at a deposited thickness of 0.75 nm (see Table S3,
Supporting Information): ρ/[cm−2] = 3.5 × 1012 (Ag)/9.2 ×
1012 (Cu)/5.9 × 1012 (Ag42Cu58) (Figure 3b). The cluster
density increases by a factor of 2.6. Taking a molar fraction of
Ag−Cu of 42:58, ρAg42Cu58 would yield 6.8 × 1012 cm−2, being in
very good agreement with the measured data. Concerning the
percolation threshold, a similar calculation would yield 6.4 nm
instead of 5.5 nm. This proves that the slowest component
(Cu) primarily influences the growth kinetics until the
percolation threshold.
Both partial and percolation thresholds of Ag42Cu58 tend to

be more similar to Ag. This finding suggests a simplified vision
of alloy cluster growth: first, copper clusters are established.
Then, adsorbed silver being more mobile attaches to the
emerging copper nuclei or core clusters. This leads first to a
mixture with a trend of Ag being more likely present on the
surface of the clusters and at the interface to the substrate
material. Such a Cu-core and Ag-shell cluster morphology is
corroborated by MD simulations obtained by Abraham et al.46

In our experiment presented here, we observe these
mechanisms in real-time. To summarize, Cu being the less
mobile species will be responsible for the structure formation,
leading to the domination of Cu regarding the percolation
threshold.
Figure 3c depicts the model of cluster growth during alloy

sputter deposition. The nonequilibrium shape of the clusters is
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hemispherical during the sputter deposition. Below the partial
percolation threshold around 2 nm, alloy clusters are growing
with nearly nominal and a copper-rich composition. This
growth type is indicated by the violet color (nominal
composition) and the gray (Ag) and orange (Cu) colors,
respectively. Upon the partial percolation threshold around 2
nm, the metastable mixed clusters start to coalesce and a phase
separation induced by spinodal decomposition into Ag-rich
and Cu-rich domains occurs.48,58 This process is indicated for a
thickness of 4 nm. Nominal composition clusters are still
present; but at 8 nm, well beyond the partial percolation
threshold, predominantly silver-rich and copper-rich clusters
exist. Additionally, the lateral aspect ratios between diameter
and distance including percolation behavior are presented:

pure Cu percolates first, then percolates the alloy, and finally
Ag above 8 nm.
AFM topography images are presented in Figure 4a−c. The

results show the different nanogranular structures for the final
thicknesses and corroborate the cluster size findings from
GISAXS. In detail, we observe larger silver clusters > 30 nm
with a larger distance (Figure 4a) and smaller Cu clusters in a
smaller distance (Figure 4b). Accordingly, Ag42Cu58 shows
intermediate distances and sizes, yet more similar to Cu
(Figure 4c). Accordingly, the sputter-deposited Ag film shows
a much larger roughness (see Table S2, Supporting
Information) compared to Cu and Ag42Cu58 films. This
observation corroborates that the structure formation during
alloy sputter-deposition is dominated by Cu cores. For
deposited thicknesses of δAgCu = 0.5 and 1 nm (Figure S4,

Figure 4. AFM topography of (a) Ag on PMMA, (b) Cu on PMMA, and (c) Ag42Cu58 alloy sputter-deposited on PMMA (δAg = 12.3 nm, δCu =
10.7 nm, δAg42Cu58 = 11.4 nm).

Figure 5. Surface-differential UV−vis reflectance spectra for (a) Ag, (b) Cu, and (c) Ag42Cu58 sputter-deposited on 80 nm PMMA/SiO2/Si
templates with selected effective metal layer thicknesses as indicated. The wavelength of a predominant SPR is indicated with a dashed line. (d)
Evolution of the predominant SPR as a function of deposited film thickness.
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Supporting Information), the extracted sizes of clusters using
TEM are (2.7 ± 0.5) and (4.5 ± 0.5) nm, respectively. These
values fit well with the minimum crystallite size for Ag42Cu58
found to be (3.0 ± 1.0) nm (Figure 1e) and a cluster size
derived from GISAXS (Figure S3), 2R = (4.0 ± 0.1) nm.
To enable an application of the sputter deposited films, the

morphological and compositional parameters of the metal
clusters are correlated with the optoelectronic properties of the
clusters, namely, the plasmon resonance. The correlation is
obtained by simultaneously (together with GISAXS and
GIWAXS) measuring in situ specular UV−vis reflectance
data normalized to the pristine optical reflectivity. These so-
called SDRS data are presented in Figure 5, while Figure S2
(Supporting Information) yields an overview in terms of color-
coded contour maps of the combined in situ GISAXS,
GIWAXS, and SDRS measurements during sputter deposition.
For a more detailed analysis, Figures 5a,b depicts the SDRS
spectra for Ag and Cu on PMMA as a function of selected
deposited thickness. Simulated spectra for growing layers of
Ag, Cu, and AgCu on PMMA (80 nm)/SiO2 (2 nm)/Si layers
based on complex matrix formalism using Fresnel equations
(reflectance calculator, Filmetrics, filmetrics.com) are pre-
sented in Figure S5 (Supporting Information). It is deduced
that the minima below 400 nm and their blue shift is
dominated by optical thin-film interference (TFI) for the pure
metal layers.16 The minima close to the resonance position
marked with a star in Figure 5a,b cannot be simulated in the
framework of simple matrix formalism as an effective medium
and thus is associated with the plasmon resonance. Hence, we
focus on observing absorption features above 420 nm to trace
plasmonic activity during growth. We fit the obtained spectra
(Figure S6, Supporting Information) and extract the surface
plasmon resonance (SPR) position for Ag, Cu, and Ag42Cu58
as a function of deposited film thickness (Figure 5d). In all
cases, we observe at the onset of metal deposition a broad
decrease of reflectivity with a local minimum above 420 nm,
which red shifts only slightly at effective thicknesses below 0.6
nm. The same holds for Ag42Cu58 in Figure 5c. The red shift of
the minimum is associated with the Mie shift of a SPR induced
by the nanoscale size of the metallic clusters.68−71 After 0.6 nm
effective thickness, the SPR shift increases significantly until a
deposited thickness of around 2 nm, which complies with the
partial percolation threshold as extracted from GISAXS
outlined above. Afterward, the slope of the SPR position as a
function of deposited metal thickness is gradually reduced.
This common trend might be correlated to grain boundaries
acting as defects and the partial coalescence of the clusters
reshaping the isolated clusters to laterally elongated clusters.
Although the course of the observed SPR shifts are relatively
similar, the SPR frequency starts at different positions
depending on the material-specific electrical permittivity of
the cluster’s effective medium. The SDRS spectra and the SPR
position for the alloy seems to be more dominated by the Cu
fraction, respectively, the Cu-cores. Clearly, the plasmon
resonance of Ag42Cu58 is located approximately 30 nm below
the SPR of Cu and approximately 40 nm above Ag for all
thicknesses. This observation is consistent with an effective 4/7
Cu, respectively, 3/7 Ag mol fraction of the clusters and
complies with the findings of Beyene et al.,41 where the Cu
content of the clusters tunes the extinction. Note that, the
strongest decrease in normalized reflectivity occurs for all three
depositions around an effective thickness of 2 nm signifying
best surface-enhanced Raman scattering performance at the

partial percolation threshold. However, the plasmonic proper-
ties of alloy nanoparticles are less pronounced compared to
pure Ag nanogranular thin films because of the damping of the
plasmon resonance in alloyed clusters due to the scattering of
the valence electrons at the internal boundaries. Thus, a fine-
tuning of the plasmon resonance is possible not only by the
shape of the metal clusters but also by the composition using
alloying. In order to avoid effects of friction and storage,
transparent protective coatings55,72 are needed for long-term
stability in the final application. This avoids structural
modification of island films. For CuAg clusters, we observe a
10% shift and a damping of the plasmon resonance for CuAg
alloy clusters. A short discussion is presented in the Supporting
Information. Hence, such alloy clusters are very interesting for
anticounterfeiting applications because only very advanced
analysis tools will allow to detect the alloy composition,
whereas the sputter deposition using alloy targets in
combination with the detailed knowledge about the growth
laws enables a very precise and large-scale deposition of the
alloy clusters.

■ CONCLUSIONS
We present a real-time in situ study of the phase-separation of
AgCu alloy clusters during sputter deposition on PMMA.
Using a combination of ex situ TEM, in situ optical
spectroscopy, and combined time-resolved GISAXS/GIWAXS,
we are able to directly observe and quantify the onset of
different phases and their composition occurring due to the
spinodal decomposition of the alloy. Around the partial
percolation threshold, the majority of AgCu clusters undergo
phase-separation induced by the predominance of incomplete
coalescence phenomena. A Cu-rich core and Ag-rich shell
morphology is established for the alloy clusters. For the first
time, we are able to deduce effective diffusion coefficients,
which clearly corroborate theoretical assumptions on the phase
separation process. To enhance the material contrast between
metals in the alloy, future studies using anomalous GISAXS
might be an option.73 Yet, we are able to deduce the changing
composition of the different phases as a function of deposited
thickness and the delayed onset of the growth of the Ag-rich
phase. The core−shell morphology clearly affects the mobility
of the alloy clusters, being dominated by the Ag atoms. We
uniquely correlate our morphological and compositional
findings with the tunability of the plasmon resonance of the
different materials, including the alloy. The tunability of the
plasmon resonances by cluster composition, a crucial
prerequisite for anticounterfeiting, has been shown in a
previous work.41 According to Walter et al.,55 such plasmon
resonance-based structural color can be applied in anti-
counterfeiting. Spectral response is determined by the plasmon
resonances’ spectral shape and position and the variation of the
spacer layer on top of a mirroring substrate. This approach is
combined here with the combination of color and a unique
alloy nanostructure as an additional security feature.
Importantly, our setup consisting of metal alloy clusters/
PMMA spacer layer/silicon as mirror substrate is a multilayer
system, which is compatible with roll-to-roll technology for
mass production.72 Our quantitative findings in terms of
cluster mobility yield the necessary input for MD simulations
used for predictive material science. With Cu being the
structure-defining component and Ag predominantly in the
shell, our findings offer the potential to partially decouple
structural (distance) effects on the one hand and size- and
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composition-related influences on the plasmon resonance in
directly deposited, high density, organic shell-free cluster layers
used in organic photovoltaics and electronics.
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Raumfüllung der Atome. Z. Phys. 1921, 5, 17−26.

(57) Jeffers, G.; Dubson, M. A.; Duxbury, P. M. Island-to-
Percolation Transition during Growth of Metal Films. J. Appl. Phys.
1994, 75, 5016.
(58) Chen, H.; Zuo, J. Structure and Phase Separation of Ag-Cu
Alloy Thin Films. Acta Mater. 2007, 55, 1617−1628.
(59) Schwartzkopf, M.; Buffet, A.; Körstgens, V.; Metwalli, E.;
Schlage, K.; Benecke, G.; Perlich, J.; Rawolle, M.; Rothkirch, A.;
Heidmann, B.; Herzog, G.; Müller-Buschbaum, P.; Röhlsberger, R.;
Gehrke, R.; Stribeck, N.; Roth, S. V. From Atoms to Layers: In Situ
Gold Cluster Growth Kinetics during Sputter Deposition. Nanoscale
2013, 5, 5053−5062.
(60) Schaper, S. J.; Löhrer, F. C.; Xia, S.; Geiger, C.; Schwartzkopf,
M.; Pandit, P.; Rubeck, J.; Fricke, B.; Frenzke, S.; Hinz, A. M.;
Carstens, N.; Polonskyi, O.; Strunskus, T.; Faupel, F.; Roth, S. V.;
Müller-Buschbaum, P. Revealing the Growth of Copper on
Polystyrene- Block-Poly(Ethylene Oxide) Diblock Copolymer Thin
Films with in Situ GISAXS. Nanoscale 2021, 13, 10555−10565.
(61) Schwartzkopf, M.; Santoro, G.; Brett, C. J.; Rothkirch, A.;
Polonskyi, O.; Hinz, A.; Metwalli, E.; Yao, Y.; Strunskus, T.; Faupel,
F.; Müller-Buschbaum, P.; Roth, S. V. Real-Time Monitoring of
Morphology and Optical Properties during Sputter Deposition for
Tailoring Metal−Polymer Interfaces. ACS Appl. Mater. Interfaces
2015, 7, 13547−13556.
(62) Gensch, M.; Schwartzkopf, M.; Ohm, W.; Brett, C. J.; Pandit,
P.; Vayalil, S. K.; Bießmann, L.; Kreuzer, L. P.; Drewes, J.; Polonskyi,
O.; Strunskus, T.; Faupel, F.; Stierle, A.; Müller-Buschbaum, P.; Roth,
S. V. Correlating Nanostructure, Optical and Electronic Properties of
Nanogranular Silver Layers during Polymer-Template-Assisted
Sputter Deposition. ACS Appl. Mater. Interfaces 2019, 11, 29416−
29426.
(63) Kaune, G.; Ruderer, M. A.; Metwalli, E.; Wang, W.; Couet, S.;
Schlage, K.; Röhlsberger, R.; Roth, S. V.; Müller-Buschbaum, P. In
Situ GISAXS Study of Gold Film Growth on Conducting Polymer
Films. ACS Appl. Mater. Interfaces 2009, 1, 353−360.
(64) Zaporojtchenko, V.; Strunskus, T.; Behnke, K.; Von
Bechtolsheim, C.; Kiene, M.; Faupel, F. Metal/Polymer Interfaces
with Designed Morphologies. J. Adhes. Sci. Technol. 2000, 14, 467−
490.
(65) Fev̀re, M.; Le Bouar, Y.; Finel, A. Thermodynamics of Phase-
Separating Nanoalloys: Single Particles and Particle Assemblies. Phys.
Rev. B 2018, 97, 195404.
(66) Grammatikopoulos, P.; Kioseoglou, J.; Galea, A.; Vernieres, J.;
Benelmekki, M.; Diaz, R. E.; Sowwan, M. Kinetic Trapping through
Coalescence and the Formation of Patterned Ag−Cu Nanoparticles.
Nanoscale 2016, 8, 9780−9790.
(67) Chandross, M. Energetics of the Formation of Cu-Ag Core-
Shell Nanoparticles. Modell. Simul. Mater. Sci. Eng. 2014, 22, 075012.
(68) Yang, H.; Wang, Y.; Chen, X.; Zhao, X.; Gu, L.; Huang, H.;
Yan, J.; Xu, C.; Li, G.; Wu, J.; Edwards, A. J.; Dittrich, B.; Tang, Z.;
Wang, D.; Lehtovaara, L.; Häkkinen, H.; Zheng, N. Plasmonic
Twinned Silver Nanoparticles with Molecular Precision. Nat.
Commun. 2016, 7, 12809.
(69) Raza, S.; Kadkhodazadeh, S.; Christensen, T.; Di Vece, M.;
Wubs, M.; Mortensen, N. A.; Stenger, N. Multipole Plasmons and
Their Disappearance in Few-Nanometre Silver Nanoparticles. Nat.
Commun. 2015, 6, 8788.
(70) Luther, J. M.; Jain, P. K.; Ewers, T.; Alivisatos, A. P. Localized
Surface Plasmon Resonances Arising from Free Carriers in Doped
Quantum Dots. Nat. Mater. 2011, 10, 361−366.
(71) Yu, H.; Peng, Y.; Yang, Y.; Li, Z.-Y. Plasmon-Enhanced Light−
Matter Interactions and Applications. npj Comput. Mater. 2019, 5, 45.
(72) Kim, S. H.; Kim, M.; Lee, J. H.; Lee, S.-J. Self-Cleaning
Transparent Heat Mirror with a Plasma Polymer Fluorocarbon Thin
Film Fabricated by a Continuous Roll-to-Roll Sputtering Process.
ACS Appl. Mater. Interfaces 2018, 10, 10454−10460.
(73) Revenant, C. Anomalous Grazing-Incidence Small-Angle X-Ray
Scattering of Ga2O3 -Based Nanoparticles. J. Appl. Crystallogr. 2018,
51, 436−445.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c04473
ACS Appl. Nano Mater. 2022, 5, 3832−3842

3842

https://doi.org/10.1088/1361-6528/ab9676
https://doi.org/10.1016/j.apsusc.2021.150861
https://doi.org/10.1016/j.apsusc.2021.150861
https://doi.org/10.1016/j.apsusc.2021.150861
https://doi.org/10.1080/713818726
https://doi.org/10.1039/c9cs00633h
https://doi.org/10.1039/c9cs00633h
https://doi.org/10.1007/s11468-011-9282-8
https://doi.org/10.1007/s11468-011-9282-8
https://doi.org/10.1007/s11468-011-9282-8
https://doi.org/10.1088/1361-648X/ab6d0d
https://doi.org/10.1088/1361-648X/ab6d0d
https://doi.org/10.1002/adfm.202102180
https://doi.org/10.1002/adfm.202102180
https://doi.org/10.1002/adfm.202102180
https://doi.org/10.1021/jp064593x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp064593x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0dt03638b
https://doi.org/10.1039/d0dt03638b
https://doi.org/10.1002/ctpp.201700151
https://doi.org/10.1002/ctpp.201700151
https://doi.org/10.1140/epjd/e2003-00157-x
https://doi.org/10.1140/epjd/e2003-00157-x
https://doi.org/10.1016/j.actamat.2016.10.036
https://doi.org/10.1016/j.actamat.2016.10.036
https://doi.org/10.1063/1.4993252
https://doi.org/10.1063/1.4993252
https://doi.org/10.1063/1.4993252
https://doi.org/10.1063/1.4900575
https://doi.org/10.1063/1.4900575
https://doi.org/10.1063/1.4900575
https://doi.org/10.1021/acsami.0c06272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c00829?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b15172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1116/1.4998940
https://doi.org/10.1116/1.4998940
https://doi.org/10.1117/1.2363167
https://doi.org/10.1117/1.2363167
https://doi.org/10.1007/bf01349680
https://doi.org/10.1007/bf01349680
https://doi.org/10.1063/1.355742
https://doi.org/10.1063/1.355742
https://doi.org/10.1016/j.actamat.2006.10.036
https://doi.org/10.1016/j.actamat.2006.10.036
https://doi.org/10.1039/c3nr34216f
https://doi.org/10.1039/c3nr34216f
https://doi.org/10.1039/d1nr01480c
https://doi.org/10.1039/d1nr01480c
https://doi.org/10.1039/d1nr01480c
https://doi.org/10.1021/acsami.5b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b08594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b08594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b08594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am8000727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am8000727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am8000727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1163/156856100742609
https://doi.org/10.1163/156856100742609
https://doi.org/10.1103/physrevb.97.195404
https://doi.org/10.1103/physrevb.97.195404
https://doi.org/10.1039/c5nr08256k
https://doi.org/10.1039/c5nr08256k
https://doi.org/10.1088/0965-0393/22/7/075012
https://doi.org/10.1088/0965-0393/22/7/075012
https://doi.org/10.1038/ncomms12809
https://doi.org/10.1038/ncomms12809
https://doi.org/10.1038/ncomms9788
https://doi.org/10.1038/ncomms9788
https://doi.org/10.1038/nmat3004
https://doi.org/10.1038/nmat3004
https://doi.org/10.1038/nmat3004
https://doi.org/10.1038/s41524-019-0184-1
https://doi.org/10.1038/s41524-019-0184-1
https://doi.org/10.1021/acsami.8b00761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b00761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b00761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/s1600576718001772
https://doi.org/10.1107/s1600576718001772
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c04473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

