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ABSTRACT: We report the deposition of cubic copper nanoparticles (Cu NPs) of varying (2" si

size and particle density on silicon laser-induced periodic surface structures via reactive laser £ Nanostructured
R S g Surfaces

ablation in liquid (RLAL) using intense femtosecond laser pulses. Two syntheses were ;L

compared: (1) simultaneous deposition, wherein a silicon wafer was laser-processed in

aqueous Cu(NO;), solution and (2) sequential deposition, wherein the silicon wafer was

laser-processed in water and then exposed to aqueous Cu(NO;),. Only simultaneous

deposition resulted in high Cu loading and cubic Cu NPs deposited on the surface. The L"Xg%?u'?;e’

solution pH, Cu(NOj;), concentration, and sample translation rate were varied to determine

their effects on the size, morphology, and density of Cu NPs. Solution pH near ~6.8 maximized Cu deposition. The Cu(NO;),

concentration affected the Cu NP morphology but not the size or Cu loading. The sample translation rate most significantly affected

the Cu loading, particle size, and particle density. The observed synthesis parameter dependence of these Cu NP properties

resembles results by electrodeposition to grow Cu NPs on silicon surfaces, which suggests that Cu NP deposition by RLAL follows a

mechanism similar to electrodeposition.

higher Cu?*

H INTRODUCTION periodic surface structures (LIPSS).”*** The laser-silicon
interaction also generates a plasma containing reactive

Metallic nanoparticles are of considerable interest, as quantum e
electrons, radicals, and ions at the solid—liquid interface.

size effects, high surface to volume ratios, and changes in

surface plasmon resonance are all size-specific progerties that These highly nonequilibrium conditions can generate stable
can be tuned through efficient synthesis methods.' ™ Copper is nanomaterials comprised of the target material and the metal
of particular importance because it is an excellent conductor of in solution that are free of capping agents.” In addition, this
heat and electricity and much cheaper than other plasmonic synthesis is considered as a “green” method because theie
metals.” Hence, copper nanoparticles (Cu NPs) are used in materials are generated in ambient conditions under water.”’
various applications, including biological sensing and imag- The metal salt used in RLAL is easily interchangeable and
ing,s’6 antimicrobial applications,” and catalysis.® In addition, provides a simple synthesis method to produce to core/shell

28,29

the oxides of copper (CuO and Cu,O) that typically form on nanoparticles, metal phyllosilicates,”® and silver—silicon

the surfaces of Cu NPs can be useful for catalysis,”'® solar surfaces for use in SERS.*’ Recently, we have shown that
cells,"" and selective biofiltering of viruses.'” Depositing Cu RLAL can produce gold—silicon nanostructured surfaces
NPs on silicon is particularly interesting due to the potential (NSSs) with unique properties and a pH-dependent gold
applications of copper silicides as high capacity hosts for deposition mechanism.”” Although RLAL has been used to
lithium battery anodes.'”’" Cu NPs are often synthesized synthesize various metal-NSSs, especially for use in SERS, the
through wet chemical methods, such as deposition—precip- methods’ viability with copper, a material that is typically
itation, ammonia evaporation, electrodeposition, and strong challenging to reduce and stabilize, is a yet unexamined area of
electrostatic adsorption; however, these methods can be time- interest.

consuming, involve multiple steps, and restéltl Si£119Cu NPs with In this work, we report the formation of Cu-NSSs via RLAL.

broad size distributions or low Cu loading.

Over the past decade, laser ablation in liquid has gained
increasing attention as a synthesis route to metal NPs that
represents a simpler, faster, and more green synthesis method
compared to conventional wet chemical methods.”” Reactive
laser ablation in liquid (RLAL) in particular is rapidly
emerging as a robust synthesis route to multicomponent
nanomaterials.”’ > RLAL involves focusing intense laser
pulses onto a solid target such as silicon immersed in liquid,
typically a solution of a metal salt. The ablation of silicon with
laser pulses has been widely observed to generate laser-induced

Cu-NSSs were synthesized by two different methods: (1)
simultaneous deposition, in which the silicon target is ablated
in aqueous Cu(NO,), solution, and (2) sequential deposition,
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Figure 1. (a) SEM image of a silicon wafer ablated in 1.0 mM Cu(NOs;), at pH 6.8 (Cu-Si NSS-sim), with inset depicting cubic Cu. (b) SEM
image of a silicon wafer ablated in deionized water then soaked in 1.0 mM Cu(NOj;), at pH 6.8 (Cu-Si NSS-seq), with inset depicting the lack of
visible Cu NPs. Panels (c, d) show EDX spectra corresponding to (a, b), respectively.

in which the silicon target is ablated in water and the laser- into stock solutions using deionized water purified by a Millipore
processed surface subsequently exposed to aqueous Cu(NOj;),. Ultrapure water system (resistivity of 18.2 MQ cm™ at 25 °C).
Whereas sequential deposition resulted in low Cu-loading with Sample Preparation. Stock solutions of 25 mM Cu(NO;), ""nd
the majority of Cu diffused into the silicon substrate, 100 mM KOH were prepe'lred and used to make the w?rklng
simultaneous deposition resulted in high Cu loading with slo(l)u(t)lro:;.;;; leﬁlzggglﬁt?;fcl‘;i;iciuv(vic‘);)éezoggre;ltlraglto;’ 405
cubic Cu NPs on the Cu-NSS when the pH of the precursor . ) f i :

. . . mM to control the solution pH. The working solutions were prepared
solution was fixed to ~6.8. These cubic Cu NPs were assigned several hours prior to synthesis and stored at 6 °C. Solution pH was

to a Cu’ core/Cu,O shell structure on the basis of XRD and measured with a SevenExcellence pH meter, standardized to buffers
XPS analysis. Further XPS depth profiling analysis showed that pH 4, 7, and 10. A 10 X 10 X 40 mm quartz fluorimeter cuvette was
Cu penetrated at least ~90 nm into the silicon wafer for both cleaned with aqua regia, rinsed thoroughly with water, dried and then
simultaneous and sequential deposition. Altering the copper equilibrated to room temperature. Approximately 3.0 mL of the
Precursor concentration and the Sample translation rate working solution was transferred to this cuvette and a pre—cut silicon
changed the shape and size of the Cu NPs, respectively. The wafer was placed inside, held flat against the back of the cuvette using

a small stopper so that the silicon wafer remained perpendicular to the

underlying mechanism of Cu NP deposition in RLAL can be
understood in the context of copper electrodeposition onto
silicon. Although the deposited Cu NPs are often larger than
the typical 100 nm threshold for the term “nanoparticles”, we

laser.

Instrumentation. The laser processing setup has been described
in detail previously in refs 23 and 32. The cuvette containing the
silicon wafer and working solution was placed approximately 10 mm

still use this term because the chemistry of their formation is before the focal point of the f = 50 mm lens. The pulse energy was
understood in the context of nanoparticle growth mechanisms. attenuated to 100 yJ for the ablation experiments. The laser spot size
Our results provide a basis for further optimization of Cu was measured to be 85 pm using a light microscope on an ablated
deposition by RLAL to provide access to interfacial materials silicon wafer. Under these conditions, the laser fluence and laser
for applications in which high Cu,0/Cu loading is needed, intensity were calculated to be 1.8 J cm™ and 5.8 X 10" W cm™,
such as biological sensing and imaging, catalysis, solar cells, and respectively (Supporting Information, Fluence & Peak Intensity

Calculations). The cuvette was translated in the x- and y-directions
(perpendicular to laser beam propagation) at a fixed rate of 0.0S, 0.1,
or 0.2 mm/s during irradiation using a motorized stage (Thorlabs) to
move the laser focus across the silicon wafer. Samples were translated

hosts for lithium battery anodes.

B EXPERIMENTAL SECTION

Materials. Silicon wafers (n-doped, (111)-oriented, single side 6 mm horizontally and 12 mm vertically, giving a laser-processed area
polished, and 300 ym thick (NOVA electronic materials) were used of 72 mm’. A 1 kHz laser repetition rate results in approximately 500
as received. Copper(II) nitrate hemi(pentahydrate) [Cu(NO;),, Alfa pulses hitting each laser spot at a translation rate of 0.2 mm/s, 1000
Aesar] and potassium hydroxide (KOH, Fisher Scientific) were made pulses at 0.1 mm/s, and 2000 pulses at 0.05 mm/s. Following laser
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processing, silicon wafers were rinsed with deionized water and
ethanol then dried with nitrogen and stored for characterization.

Characterization. Scanning Electron Microscopy Energy-Dis-
persive X-ray Spectroscopy (SEM—EDX). Surface imaging and
elemental analysis were conducted using a Hitachi FE SEM SU-70
(spatial resolution 1.0 nm) equipped with an energy-dispersive X-ray
spectroscopy (EDX) detector. Images were obtained at 10—20 keV,
and elemental analysis with mapping was conducted at 20 keV.
GENESIS spectrum (EDX) software was used to display EDX spectra
and conduct elemental quantification. Samples were prepared by
placing the synthesized copper—silicon wafers onto a Hitachi M4
aluminum specimen mount (6 mm), held in place by a PELCO tab
(12 mm OD). To improve conductivity and image resolution, a small
piece of 3 M copper conductive tape (6.3 mm W X 16.46 mm L) was
placed onto the sample, touching both the silicon wafer and the
aluminum specimen mount.

X-ray Diffraction (XRD). XRD spectra were collected on an
Empyrean Panalytical diffractometer, equipped with a 4 kW X-ray
generator and a PIXcel 3D-Medipix 3 detector. Samples were run at
45 kV and 40 mA using a 3-axis chi-phi-z stage with a beam radius of
240 mm over the 20 range of 25—75°. Samples were placed on the
chi-phi-z stage, holding the wafers in place with either the provided
clamps or double-sided tape. Sample placement was aligned using an
internal instrumental camera and by running a z-auto align program to
maximize signal.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
collected on a PHI 5000 VersaProbe III using a monochromatic Al
Ka X-ray source (1486.6 eV), with a typical resolution of 0.4—0.5 eV.
Samples were scanned over 1.4 mm with an X-ray beam of 200 ym.
Selected samples were also examined in profile mode in which the
samples were processed with an argon ion beam that etched away
layers of the sample. This allowed for the removal of any potential
contaminants (excess carbon or oxidation) and for examination of the
changing species makeup with depth. The provided stage was cleaned
with ethanol and dried to remove excess carbon. Samples were then
placed and held onto the stage with double-sided tape. Spectra were
processed in MultiPak XPS, with corrections applied based upon the
C 1s peak shift to center at 284.8 eV.

B RESULTS AND DISCUSSION

Effects of Simultaneous and Sequential Laser
Processing on Cu Deposition. To determine the effect of
Cu’" ions in solution on the outcome of laser processing,
silicon wafers were (1) processed in 1 mM Cu(NO;), solution
and (2) processed in water and then soaked in 1 mM
Cu(NO;), solution. Both samples were run under the same
laser and sample translation conditions and with the
Cu(NO;), solution fixed at pH 6.8. Samples first processed
in water were soaked in the copper solution for approximately
45 min, the same amount of time required for laser processing
in solution. Sample (1) is labeled Cu-Si NSS-sim (simulta-
neous) and sample (2) is labeled Cu-Si NSS-seq (sequential)
in accordance with the timing of the silicon wafers’ exposure to
Cu’" ions, either simultaneously with the laser processing, or
sequentially, with copper exposure after laser processing.

Figure 1 shows SEM images of Cu-Si NSS-sim (a) and Cu-Si
NSS-seq (b). The Cu-Si NSS-sim inset image shows large,
cubic Cu NPs across the LIPSS of the sample surface. In
contrast, the Cu-Si NSS-seq inset image shows no visible Cu
NPs at all, with a surface that resembles that of Si LIPSS
obtained upon processing in water (Supporting Information,
Figure S1). Both surfaces have LIPSS with a period of
approximately 100 nm, similar to prior work.”>**™*® However,
the large Cu NPs deposited onto the LIPSS of the Cu-Si NSS-
sim sample are completely different from earlier results from
our group using gold ions: small Au NPs (~10—30 nm) were
distributed homogeneously across the surface of the LIPSS

3742

when the silicon wafer was processed simultaneously with
KAuCl, in solution.”> Moreover, the deposition of Ag onto
silicon through electroless deposition (analogous to sequential
processing) results in dendrite-like structures,’””® and
deposition of Ag onto silicon through simultaneous laser
processing produces smaller, more homogeneous Ag NPs.”!
These results suggest a distinct Cu®" deposition mechanism
compared to other metal ijons, both with and without
simultaneous laser processing.

Figure lc shows the EDX spectrum of a Cu-Si NSS-sim
sample with composition of 4.89 wt % Cu, 4.29 wt % O, and
90.82 wt % Si. The EDX spectrum of the Cu-Si NSS-seq
sample (Figure 1d) indicates some Cu deposition despite the
lack of clearly visible Cu NPs, with 2.80 wt % Cu, 3.05 wt % O,
and 94.15 wt % Si. The 2.80 wt % Cu may be expected on the
basis of prior observation of Au deposition under similar
conditions,”” but the lower Cu amount compared to the Cu-Si
NSS-sim sample indicates that simultaneous processing of Si
wafers in Cu®" solution results in more favorable Cu
deposition.

Both the simultaneous and sequential samples were
characterized using EDX mapping to determine the distribu-
tion of Cu on the surfaces. Figure 2 shows representative EDX

Figure 2. SEM image of a silicon wafer ablated in 1.0 mM Cu(NO;),
fixed at pH 6.8 (top left) with subsequent mapping images (Cu top
right, Si bottom left, and O bottom right). Highlighted in the pink
circle is a cubic Cu NP in the SEM image, the spike in Cu intensity in
the mapping images where the Cu NP lies, and the decrease in Si
intensity in the Si mapping.

mapping results of a Cu-Si NSS-sim sample with the SEM
image (top left) and mapping of Cu (top right), Si (bottom
left), and O (bottom right). When comparing the SEM with
the Cu EDX mapping, it is clear that the large cubic structures
seen scattered across the surface have a high Cu content, as the
areas with the highest density of Cu in the Cu EDX mapping
strongly align with the positioning of the cubic structures in
the SEM images, as indicated by the magenta circle. The cubic
Cu NP circled in the top left image corresponds nearly
perfectly with a spike in Cu density in the Cu mapping and a
slight decrease in intensity in the Si EDX mapping. In contrast,
the lack of visible Cu NPs in the Cu-Si NSS-seq sample was
consistent with Cu EDX mapping results showing Cu
homogeneously distributed across the surface (Supporting
Information, Figure S2). This result suggests that Cu in the
Cu-Si NSS-seq sample is either present as small NPs outside
the range of the SEM magnification used or that it is diffused
into the silicon surface.

Figure 3 shows the XRD spectrum of the Cu-Si NSS-sim
(red) and Cu-Si NSS-seq (blue) obtained over the range of

approximately 25—75° to exclude a signal from amorphous
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Figure 3. XRD spectra of the Cu-Si NSS-sim (red) and Cu-Si NSS-
seq (blue) with JCDD references for Cu fcc, Cuq,Siy; fec, and Cu,O
indicated.

silica. Four distinct peaks were found in the Cu-Si NSS-sim
spectrum, matching three JCDD references: the peak at ~36.5°
matched JCDD reference 01-085-8590 for cubic cupric oxide
(Cu,0); the peaks at ~43.2 and ~50.5° matched JCDD
reference 04-015-2819 for copper silicide (CugoSiy;); and the
peak at ~44.2° matched JCDD reference 01-080-5762 for
cubic copper metal. The Cu-Si NSS-seq spectrum was similar
to the Cu-Si NSS-sim spectrum, with the peaks at ~43.2 and ~
44.2° both present. However, the peak near ~36.5°
representing Cu,O, is absent in the Cu-Si NSS-seq spectrum.
This result combined with visual examination of the Cu-Si
NSS-sim and Cu-Si NSS-seq images in Figure 1, suggests that
the large cubic Cu NPs seen in the Cu-Si NSS-sim sample but
absent in the Cu-Si NSS-seq sample likely contain Cu,O. It is
notable that copper metal and copper silicide were present on
both samples.

The Cu-Si NSS-sim and Cu-Si NSS-seq were further
analyzed by XPS with argon ion depth profiling (Figures
4—6). The Ar" energy was set to 3 kV and sputtering was
conducted over a 1 X 1 mm area. With these conditions, the
sample is etched at approximately 6.0 nm per minute for a
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Figure 5. XPS depth profiling spectra of Cu-Si NSS-sim (a) and Cu-Si
NSS-seq. (b). The atomic fraction of the species present is shown
with respect to sputter time.

surface of silicon dioxide on silicon (SiO,/Si).”” Hence, every
3 min in sputter time represented in Figure 4 is equivalent to
an approximately 18 nm increase in depth, resulting in a final
depth of 90 nm after 15 min of sputter time. However, this
assumption likely underestimates the depth because the SiO,
species are etched away with increased sputter time. Hence,

[a] _Cu-Si NSS-sim

Cuip ;Cu0/+ Si2b —s0
9 min
6 min

[b] Cu-Si NSS-seq
Cuzp —cu® o= | Si2p

o Cu2+

105 104 103 102 101 100 99 98

937 936 935 934 933 932 931
binding energy (eV)
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Figure 4. XPS depth profiling spectra of Cu-Si NSS-sim (a) and Cu-Si NSS-seq. (b). The change in the Cu 2p and Si 2p spectra are shown with

respect to sputter time.
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Figure 6. XPS depth profiling spectra of Cu-Si NSS-sim (a) Cu-Si
NSS-seq (b). The quantified species fraction from Figure 4 are shown
with respect to sputter time. (c) Cu LMM spectra of the Cu-Si NSS-
sim with respect to sputter time.

the sputter rate would likely increase after the removal of the
SiO, species due to a higher etch rate of 7.8 nm per minute for
silicon,” so a final depth of 90 nm represents a conservative
lower bound.

Figure 4 shows the Cu 2p and Si 2p XPS spectra at a series
of sputter times indicated on the left panels for Cu-Si NSS-sim
(a) and Cu-Si NSS-seq (b). The Si’ doublet in both samples
appears downshifted from the generally accepted 99.4 eV value
for the Si 2p peak.*” This slight downshifting in the Si® doublet
has been observed in silica colloids obtained from femtosecond
laser ablation before’”***' and likely indicates increased
electron density around the Si atoms.*”*’ The high
contribution of SiO, species at earlier sputter times is due to
oxidation of surface Si atoms by reactive water sAPec_ies such as
hydroxyl radicals produced during ablation.””*> In both
samples, the rapid decrease of SiO, (orange) and increase of
Si® doublet peaks (red) with sputter time indicate that SiO,
species are rapidly etched away. These results indicate that the
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Ar" ion sputtering penetrates into the surface over the course
of sputter time, rather than just probing the “valleys” of the
LIPSS structures because SiO, would still be present on these
regions due to exposure to the aqueous solution. Before
sputtering, only one copper peak at ~934 eV is present in both
samples, assigned to Cu** in copper(II) oxide due to the
presence of satellite features (Supporting Information, Figure
$3).*° The Cu?* satellite disappears within 3 min (Supporting
Information Figure S3), despite the continued presence of the
934 eV peak at longer sputter times. Hence, the 934 eV feature
likely contains contributions from copper silicide, which has a
binding energy near that of copper oxide.*”** This assignment
is consistent with the XRD results (Figure 3) indicating the
presence of copper silicide in both the simultaneous and
sequential samples. As sputter time increases, a second feature
near ~933 eV is observed, corresponding to Cu’, Cu', or
both.*”° The signal of both Cu species increased with sputter
time for both samples, although the simultaneous sample had a
higher ratio of Cu”* to Cu*". The lower amounts of Cu”" in
the sequential samples is likely due to the lack of both Cu,O
(Figure 3) and visible Cu NPs (Figure 1).

Figure Sa shows the atomic fraction of the O 1s, Si 2p, and
Cu 2p obtained from Cu-Si NSS-sim. The oxygen content of
the surface steadily decreased as sputter time increased,
whereas silicon and copper increased with sputter time. The
increase in the copper content with penetration depth suggests
that not only does the copper form the large Cu NPs seen in
Figure 1 but it also penetrates at least ~90 nm into the silicon
surface on the basis of the estimated sputter etch rate constant
of 6 nm/min and the 15 min of sputter time plotted in Figure
S. This extensive penetration is similar to the behavior of Au
deposited under similar conditions.*” Because a sputter area of
1 mm® is much larger than the Cu NPs in Cu-Si NSS-sim
(Figures 1 and 2), the sputtering should average out over the
areas with and without Cu NPs. The Cu-Si NSS-seq (Figure
Sb) shows some similar trends to the simultaneous sample, but
with some key differences. Oxygen content of the surface
decreased more rapidly than that for the Cu-Si NSS-sim over
the course of the depth profiling. At all depths, the Cu content
of the sequential sample is lower than that for the simultaneous
sample, reaching only about 75% of the fractional component
at the final sputter time of 14 min (0.4 for the Cu-Si NSS-sim,
0.3 for the Cu-Si NSS-seq). This reaffirms the results in Figure
1, where Cu-Si NSS-seq had lower levels of copper deposition
than those seen in Cu-Si NSS-sim. In addition, Cu-Si NSS-seq
had a much lower atomic % of Cu at the surface (i.e., at 0 min
of sputter time) when compared to the Cu-Si NSS-sim
spectrum, providing further evidence that the majority of the
Cu present in the Cu-Si NSS-seq sample is diffused into
silicon. It is important to note that Cu may be overrepresented
in the XPS spectra due to its drastically higher kinetic energies
when compared, in part because of the use of a
monochromatic X-ray source.”’

The quantified yields of the Cu and Si species obtained from
depth profiling are shown in Figure 6 for Cu-Si NSS-sim (a)
and Cu-Si NSS-seq (b). Both samples show a significant
increase in Cu”* relative to Cu®" after the initial scan at 0 min
followed by a decrease of this ratio at longer sputter times.
Similarly, an increase of Si’ and decrease of SiO, with sputter
time is observed. The Cu-Si NSS-sim sample clearly has more
Cu”* relative to Cu®" than the Cu-Si NSS-seq sample. This
difference could be due to the large Cu NPs on the surface of
the Cu-Si NSS-sim sample, resulting in more Cu®* species
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observed deeper into the sample. In both samples, copper
diffusing into the surface likely reacts with silicon to form
copper silicides,”>™>* which would account for the increasing
Cu’ content deeper into the sample.

To distinguish between Cu” and Cu’, the Cu LMM spectra
of a Cu-Si NSS-sim sample were examined with depth profiling
(Supporting Information, Figure S4). Two features were
observed: 568 eV, assigned to Cu’ and 570 eV, assigned to
Cu".>® Figure 6¢ shows the species fraction for Cu® (green)
and Cu" (blue) with respect to sputter time. The initial
spectrum with pure Cu* (0 min) shifts to an increasing fraction
of Cu® with respect to sputter time, until the sample is majority
Cu® by the end (14 min).”® These data, coupled with the
imaged Cu NPs on a Cu-Si NSS-sim sample in Figure 1 and
the XRD spectrum in Figure 3, provide evidence that the large
cubic NPs on the Cu-Si NSS-sim samples are Cu,O shell/Cu’
core NPs.

Effects of Synthesis Conditions on Simultaneous Cu
Deposition. Consistent with our previous work using gold,”
both the simultaneous and sequential samples showed
substantial Cu penetration into the silicon substrate, suggesting
that metal penetration into silicon requires only a laser-
processed surface and suflicient exposure time. Nevertheless,
the data in Figures 1—6 indicate that the simultaneous method
is much more efficient at depositing Cu onto the Si substrate
than the sequential method. Moreover, only simultaneous
deposition produces cubic NPs on the surface (Figures 1 and
2) that appear to be Cu,O shell/Cu’ core structures (Figures 3
and 6¢c). To further explore the extent to which copper
deposition can be controlled in simultaneous processing, three
key synthesis parameters were varied: the pH of the Cu(NO;),
precursor solution, the concentration of Cu(NO;),, and the
sample translation rate.

57 : : :
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Figure 7. Copper deposition (wt %) on the Cu-Si NSS-sim and Cu-Si
NSS-seq as a function of precursor solution pH.

Solution pH. The pH of the Cu(NO,), precursor solution
was varied from S to 11 using different amounts of added
KOH. EDX spectra for each resulting Cu-Si NSS-sim were
obtained by scanning an area of approximately 62 X 62 ym.
Figure 8 shows the mean Cu wt % deposition obtained by
EDX as a function of the initial Cu(NO;), solution pH (red
squares). Error bars on the ordinate and abscissa axes represent
standard deviation over at least three individual samples.
Solutions with a low pH (<6.0) or with a high pH (>7.0)
consistently resulted in much lower copper deposition than
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Figure 8. (a) SEM image of a silicon wafer ablated in 4.0 mM
Cu(NO;), at pH 6.8 with an inset on the right hand side depicting Cu
NPs and (b) its subsequent SEM image and Cu EDX mapping,
confirming the bright spots on the SEM images as Cu NPs.

solutions in a tight neutral range (6.0—7.0), especially near pH
~6.8. For comparison, the Cu content of the Cu-Si NSS-seq
samples were also plotted against solution pH for a similar set
of pH values (blue triangles) Each Cu-Si NSS-seq set had at
least two individual samples. In the pH range of 5—9, the Cu-Si
NSS-seq samples had modestly lower Cu wt % values
compared to the Cu-Si NSS-sim samples. However, the Cu-
Si NSS-sim samples run near pH 6.8 had by far the largest
amount of copper deposition. On the basis of these results, the
precursor solution pH for subsequent syntheses was fixed at
approximately 6.8 to maximize Cu deposition on the Cu-Si
NSS-sim samples.

Cu Concentration. The concentration of the Cu(NO;), was
increased from 1.0 to 4.0 mM to determine how the Cu®"
concentration affected Cu deposition. A 4.0 mM concentration
was chosen because it was assumed sufficiently high to
potentially increase the Cu content, but not high enough to
cause extensive precursor absorption at the 800 nm laser
wavelength, which would inhibit surface ablation. Figure 8a
shows an SEM image of a silicon wafer ablated in 4.0 mM
Cu(NO;), at pH 6.8 with an inset further highlighting a Cu
NP. The Cu NPs that formed on these samples tended to have
a more amorphous, almost spherical shape compared with the
cubic NPs from the 1.0 mM samples (Figure 1). Figure 8b
shows an SEM image with its Cu EDX mapping to its right.
Once again, bright spots on the SEM image are confirmed to
be Cu NPs, as their positions align with areas of increased Cu
density in the EDX mapping image. The EDX spectrum
(Supporting Information, Figure S5) shows the sample
contained 4.92 Cu wt %, similar to the Cu-Si NSS-sim
samples with a concentration of 1.0 mM Cu(NOj), at pH 6.8.
The XRD spectrum of the 4.0 mM sample (Supporting
Information, Figure S6) has identical peaks to that of the 1.0
mM sample (Figure 3). It is notable that although increasing
the concentration of the precursor solution did not
significantly increase the copper content, it altered the
morphology of the Cu NPs deposited on the silicon surface.
This finding will be further discussed in the discussion section
with regards to the electrodeposition mechanisms that govern
this morphology change.

Sample Translation Rate. The scanning speed of the
motorized stage used for sample translation was varied to
examine the effect of deposition time on the Cu-Si NSSs. For
the samples shown in Figures 1—8, the translation rate was 0.2
mm/s (12 mm/min), corresponding to approximately 500
pulses per spot (Experimental Section, Instrumentation).
Studies were carried out on samples using translation rates
of 0.1 mm/s (6 mm/min, 1000 pulses per spot) and 0.05 mm/
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s (3 mm/min, 2000 pulses per spot), motivated by the
observation that increasing exposure time in the electro-
deposition technique resulted in an increase in Cu deposition
on a Si surface but not a change in NP shape.’® Figure 9a

Figure 9. SEM images of silicon wafers ablated in 1.0 mM Cu(NO;),
at pH 6.8 with insets to the right depicting an SEM image at X10.0 k
magnification with Cu EDX mapping (scale bars are S ym). Sample
translation rate is (a) 12, (b) 6, and (c) 3 mm/min.

shows an SEM image (left) with Cu EDX mapping (right) of a
sample ablated with a scanning speed of 12 mm/min, similar to
the Cu-Si NSS-sim sample shown in Figures 1 and 2. Cu NPs
on these surfaces are isolated cubes that are sporadically
dispersed across the surface of the silicon wafer. When the
translation rate is halved to 6 mm/min (Figure 9b), the Cu
NPs still appear to be cubic in shape and appear at a similar
density, but the particles are slightly larger, and it appears that
some particles consist of multiple cubic Cu NPs coalesced
together. The EDX spectrum of this sample (Supporting
Information, Figure S7) indicates ~6.1 Cu wt %, slightly higher
than the ~4.9 wt % obtained at 12 mm/min. The XRD
spectrum (Figure S8) indicates the same Cu,O, Cu, and
CuySiy; species previously seen in Figure 3. At 3 mm/min
(Figure 9c) a dramatic shift in morphology is observed: Cu
NPs appear at a lower density but a greatly increased size and
often consist of multiple smaller cubic Cu NPs coalesced with
larger NPs. The EDX spectrum of this sample (Figure S9)
indicates ~11.7 Cu wt %, substantially higher than the other
samples. The XRD spectrum (Figure S10) has the same three
species as the prior samples. Interestingly, while increasing the
concentration of the precursor solution changed the shape of
the NPs but not the Cu content on the Si surface, changing the
translation rate did not change the NP shapes but did affect the
Cu content, especially when slowing to 3 mm/min. A similar

phenomenon was seen when Cu NPs were deposited by
electrodeposition.*®

Table 1 summarizes the effects of changing the precursor
concentration and translation rate on the NP shape, Cu wt %,
NP density, and NP size. Average NP density and size were
obtained using Image] by counting all visible nanoparticles
seen in SEM images at X10.0 k magnification (a range of ~161
um?). Holding the concentration constant at 1.0 mM and
slowing the translation rate substantially increased the Cu
content from 4.6, to 6.1, to 11.7 wt %. Lowering the translation
rate from 12 to 6 mm/min caused a small increase in NP size
but no significant change in NP density. The most significant
effects were seen decreasing further to a scanning speed of 3
mm/min, with NP density decreasing from 0.63 to 0.27 NPs/
um?, and NP size nearly doubling. Comparing the samples in
which the precursor concentration was varied but scanning
speed was held constant (1.0 mM vs 4.0 mM at 12 mm/min)
shows that the Cu content was unchanged, with a moderate
decrease in density and no significant change in size.

Copper Deposition Mechanisms. The dependence of
the Cu content in the Cu-Si NSS on the solution pH can be
rationalized by the expected pH-dependent reduction rate of
the Cu(NO;), complex and its interactions with ablated silicon
species. The laser reduction of copper nitrate is primarily
driven by hydrated electrons in solution, which form both from
water photolysis and ejection from the silicon surface.”” >’
However, hydrated electrons are rapidly scavenged under
acidic conditions,*”®" which is expected to slow Cu®*
reduction. Slow Cu®" reduction is consistent with the
extremely low deposition of copper onto silica ejected from
the silicon surface during RLAL under acidic conditions.” In
contrast, high copper loading on ejected silica species observed
in RLAL under basic conditions is consistent with faster
reduction. Moreover, the formation of silicic acid in solution at
pH >8% results in further conversion of Cu®* into copper
phyllosilicates with strong Cu—O—Si bonds."' This con-
sumption of copper in solution reactions to form phyllosilicates
at high pH likely inhibits copper deposition onto the Si surface,
resulting in the observed low Cu loadings on the Cu-Si NSS at
high pH (Figure 7). Hence, a neutral solution pH results in
optimal deposition because the Cu®* can be reduced at a
sufficient rate, but no silicic acid is formed, mitigating the
incorporation of Cu®** into phyllosilicates. This trend is
consistent with our earlier work where the deposition of gold
onto silicon required a neutral pH to enable efficient
deposition of Au NPs onto the silicon surface.”” In the case
of gold, basic solution pH inhibited deposition because most
[AuCl,]™ was reduced too quickly by hydrated electrons in
solution.

Varying both the sample translation rate and precursor
concentration resulted in similar effects on the deposited Cu
NP morphologies and loading as observed by electro-
deposition.”® Electrodeposition is a well-established method
that produces metallic coatings on a substrate by passing an

Table 1. Effects of Concentration and Translation Rate on NP Shape, Cu wt %, Density, and Size

Cu(NO;), concentration translation rate NP shape
1.0 mM 12 mm/min cubic
1.0 mM 6 mm/min cubic
1.0 mM 3 mm/min cubic
4.0 mM 12 mm/min amorphous
3746

Cu wt % NPs/um? NP size (um)
4.6 0.65 + 0.13 0.17 = 0.07
6.1 0.62 + 0.12 0.22 + 0.0

11.7 0.27 = 0.10 0.39 + 0.09
4.9 0.46 + 0.19 0.18 + 0.06
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electric current through a solution containing metal salt.”” The
copper ions in solution (typically from copper sulfate or
copper nitrate) are reduced from Cu* to Cu’ by the electric
current. These Cu atoms then can nucleate and grow in Cu
clusters and NPs.”> The morphology and Cu loading can be
tuned in electrodeposmon based upon a number of factors,
most notably the Cu>* concentration and deposition time.**®*
Increasing the Cu* concentration results in a change in the
NP shape from cubic to octahedral whereas longer deposition
time increases Cu Ioadmg The similar trends observed in
this work with RLAL and previous electrodeposition studies
can be rationalized by analogous deposition mechanisms:
hydrated electrons produced by the laser pulses act as the
reducing agent, as does the electric current in electro-
deposition.

In any deposition method forming metal NPs on supports,
the particle morphology, size distribution, and number density
are affected by two key processes: nucleation and diffusion-
limited growth.****®> Depending upon the metal and support
chosen, nucleation can be progressive or instantaneous. The
nucleation of copper on silicon crystals (both n- and p-type) is
well known to be progressive, meaning that new nucleation
sites will be continuously created as deposition time goes on.**
The growth, however, can follow three different methods: the
Frank-van der Merwe method (layer-by-layer), the Volmer—
Weber method (island), or the Stranski—Krastanov method
(mixed layer and island).° Cu NPs follow the Volmer—Weber
growth mode, driven by the weak interaction between Cu and
Si. This “island” mechanism results in increasing particle size
with increasing deposition time in electrodeposition.”**® Our
result that increased deposition time resulted in larger particle
sizes and is also consistent with the Volmer—Weber
mechanism because decreased sample translation rate exposes
the surface to more laser pulses, which generates more
electrons for Cu®* reduction. The final shape of the Cu NP
deposited on the Si support is ultimately determined by the
surface planes with slower growth rates, which are the (100)
and (111) planes for Cu.®* Depending upon the growth rates
of these planes, different facets will be exposed on the NP,
controlling its shape. At low Cu precursor concentrations, the
growth rate of the (111) planes are faster than the growth rates
of the (100) planes, resultrng in the exposure of (100) facets to
form cubic Cu NPs,* as the face-centered cubic crystal has six
(100) facets exposed. Conversely, when the precursor
concentration is increased, the growth rate of the (100)
planes equalizes to the (111) planes, resulting in mixed facet
exposure. This circumstance will alter the Cu NP shape to
form a truncated octahedron or cuboctahedron.*® Our results
that the higher Cu precursor concentration resulted in Cu NPs
with more spherical morphology further confirms that RLAL
emulates electrodeposition: mixed facet exposure occurs at
high precursor concentrations, altering the shape of the Cu
NPs. Interestingly, in electrodeposition, the cubic NPs seen at
the “low” concentration occurred at 5—10 mM, and the
cuboctahedron shapes seen at the “high” concentration began
to appear near 50 mM, suggesting that RLAL may be reducing
the Cu precursor much more efficiently, thereby altering the
NP shapes at lower precursor concentrations.’® This increased
localized deposition efficiency can be rationalized by the
extremely high electron den51ty in laser-induced plasmas at the
water—silicon interface.®”

For any growth mechanism, the size of the Cu NPs is
dependent upon the supersaturation factor; the ratio of the
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pressure experienced by the optimum-sized NP to that of a
growing particle at a particular size, concentration, and
temperature.” Essentially, a NP will continue to grow given
enough time to do so, until it reaches the optimum size, at
which point the particle growth will stop. In electrodeposition,
increasing the deposition time will increase the amount of
charge transfer, in turning causing the particle size to increase
and the pressure to decrease. This process will continue until
the supersaturatron factor gets closer to 1, reaching the
optimum size.”® As deposition of Cu onto Si is based upon a
progressive nucleation of metal clusters and subsequent island
growth on the support,® new nucleation sites are continuously
created as the Cu NPs continue to grow at previously formed
sites. The NPs that formed at the first nucleation sites will
reach the optimum size first and stop growing.”® However,
when most particles reach the optimum size and deposition
still continues, particles can begin to coalesce, which was seen
at the slowest sample translation rate (Figure 9c). One
potential explanation for this NP coalescence is Ostwald
rrpenlng 1n which small particles can coalesce onto larger
particles.”® Larger particles are much more thermodynamically
favorable, and thus, small particles can spontaneously coalesce
onto large particles in an effort to reduce their surface energy,
as interior atoms are bonded to more neighbors and will be
more stable.”” Another potential explanation for the formation
of the large cubic Cu NPs lies in the nature of femtosecond
laser ablation. At a sample translation rate of 3 mm/min, each
85 pm spot will be hit by ~2000 laser pulses. Simulations and
experiments on femtosecond laser ablation have shown that
the initial plasma temperature can reach 4000—5000 K,”
temperatures at the surface will stay above the melting
threshold of silicon (1685 K) and copper (1358 K) for up
to 1 ns after the laser pulse is over,’' and the plasma is
completely quenched in ~5 ns.”> Given these high transient
temperatures, it is possible that each subsequent laser pulse at a
given spot can briefly disrupt the crystal lattice of the cubic Cu
NPs, generating new nucleation sites. This secondary
nucleation can account for the observed structures in Figure
9c¢ consisting of small cubic NPs on top of larger cubic NPs.
Hence, when deposition time in RLAL is increased by
decreasing the sample translation rate, the Cu NPs have
longer time to grow and more opportunity for secondary
nucleation to occur. These processes result in significantly
larger particles, higher Cu loading, lower particle density, and
particles consisting of multiple cubic NPs coalesced together.

B CONCLUSIONS

In this work, Cu-Si NSSs were produced by RLAL processing
of silicon wafers immersed in Cu(NOj;), solutions. Processing
the silicon wafers sequentially resulted in low Cu-loading and
no visible NPs on the surface, whereas simultaneous processing
resulted in high Cu-loading when the pH was fixed to near
~6.8. Under both conditions, copper penetrated into the
silicon wafer at least ~90 nm. Cubic Cu NPs were produced
only with the simultaneous method, with XRD and XPS
analysis demonstrating that they were likely Cu,O shell/Cu®
core NPs. Varying the precursor concentration in the
simultaneous method resulted in a change in the Cu NP
shape, whereas altering the deposition time resulted in a
change in the NP size and Cu loading. Collectively, these
results for RLAL synthesis of Cu NPs on silicon emulate
results obtained by electrodeposition, suggesting the operation
of similar Cu nucleation and growth mechanisms for RLAL
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and electrodeposition. The utilization of these insights could
allow for more efficient laser processing synthesis of copper
nanomaterials for various applications.
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