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Copper (Cu) can provide an alternative to gold (Au) for the development of efficient, low-cost and

low-loss plasmonic nanoparticles (NPs), as well as selective nanocatalysts. Unlike Au, the surface

oxidation of Cu NPs can be an issue restricting their applicability. Here, we selectively reduce the Cu

NPs by low power laser illumination in vacuum and use dark-field scattering to reveal in real time

the optical signatures of the reduction process and its influence on the Cu NP plasmonic resonance.

We then study reactive processes at the single particle level, using individual Cu catalyst nanopar-

ticles for the selective laser-induced chemical vapour deposition of germanium nanostructures.
VC 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4976694]

Metal nanoparticles (NPs) have been extensively studied

in recent years due to their wide range of potential applica-

tions in the fields of catalysis,1,2 light harvesting,3,4 sensing,5

and surface-enhanced Raman scattering.6 Moreover, the high

field confinement due to localised plasmonic resonances is

used in several processes.7,8 The most commonly used plas-

monic metals are gold (Au) and silver (Ag), but alternative

materials have lately been explored.9 Among them, a low-

cost alternative is copper (Cu), which has the second-best

conductivity among metals (next to silver), shows catalytic

behaviours for CMOS-compatible nanowire (NW) synthe-

sis,10,11 and is already widely used as interconnect material

in integrated circuits.

However, the focus of the scientific community on gold

and silver has resulted in the absence of a well-established

procedure for the synthesis of Cu NPs with the subsequent

lack of homogeneity in the size and shape of the synthesized

Cu NPs.12–14 In addition, fabricating devices with copper

NPs is challenging, as they easily oxidize to form Cu2O and

CuO. Moreover, the back-end device integration requires

process temperatures <450 �C, which is a challenge for stan-

dard Cu catalysed nanowire synthesis.

In this work, we address these issues by synthesizing

and investigating different-sized Cu NPs. We use laser irra-

diation and selective absorption to locally heat and reduce

one NP at a time in a vacuum chamber upon illumination

with a 532 nm laser beam. Through in-situ dark-field spec-

troscopy, the NP reduction process is observed from its

changing optical signature in real time, showing a blue shift

of the plasmonic resonance in the scattering spectra. We

then use the reduced Cu NPs for the light-induced catalytic

growth of Ge nanocrystals, in a process that resembles the

previously reported growth of Au catalysed nanowires

(NWs).2 Here, the reaction is not triggered by global heating

of the sample to high temperatures (which limits the choice

of substrate and device integration pathways) but by local

heating of the catalyst seed without any effect on the sur-

rounding substrate, which results in a technique compatible

with back-end device integration and CMOS processing.

The Cu NPs were synthesised using reagents bought

from Sigma-Aldrich and used without further purification.

The synthesis involves dissolution of 62.4 mg CuSO4.5H2O

(99.995%) and 200 mg polyvinylpyrrolidone (PVP, m.w.

40,000) in 45 ml diethylene glycol (�99.0%), and to this,

44 mg sodium hypophosphite (�99.0%) in 15 ml diethylene

glycol is added heating up to 200 �C. Then, 25 mg ascorbic

acid (�99.0%) is added prompting the solution to change

colour from the initial light-blue to green, then to black and

finally to a dark brown. In order to select particles in the

�100 nm diameter range, the 1 ml of solution is centrifuged

at 1000 RPM for 5 minutes and the supernatant extracted and

centrifuged for 2000 RPM for 5 min. The supernatant of the

2nd centrifugation is discarded, and the sedimented particles

are diluted in 1 ml methanol followed by 3 further centrifu-

gation–methanol dilution cycles at 2000 RPM for 5 min and

a final concentration step without dilution. The resulting vol-

ume of the sample is �50 ll. The extracted particles are then

deposited onto a 20 nm thin silicon nitride substrate by dry-

ing a 10 ll aliquot of the sample onto the substrate, which is

subsequently washed 3 times with methanol.

We previously reported the selective laser-induced chem-

ical vapour deposition (CDV) of single Au seeded germanium

nanowires, where the dark-field scattering of this system

reveals in real time the optical signatures of all key constituent

growth processes.2 Here, we aim to investigate the laser-

induced chemical vapour deposition with catalysts such as Cu

NPs. As previously discussed, Cu oxidizes to form Cu2O and

CuO, and therefore laser irradiation and selective light absorp-

tion is first used to locally heat and trigger the reduction of

individual Cu NPs (Fig. 1). We use a customised stainless-

steel vacuum chamber (base pressure �10�7 mbar), in which

we selectively illuminate well-separated (average distancea)E-mail: gd392@cam.ac.uk
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>5 lm) Cu NPs on a 20 nm-thin transparent silicon nitride

membrane with a continuous wave laser at k¼ 532 nm. Dark

field spectra are collected by scattering unpolarised white light

focussed from the back of the transparent membrane support-

ing the Cu NPs.

The plasmonic optical signature of interest is known as

the localised surface plasmon resonance (LSPR). The LSPR

is excited when light interacts with the free (conduction)

electrons of a metallic nanostructure, which results in collec-

tive excitations (oscillations) that lead to a strong enhance-

ment of the local electromagnetic field surrounding the

nanoparticles.15 We exploit the heat generated by metal NPs

under optical illumination to serve as highly efficient local-

ized heat sources on the nanometer-length scale.16–19

Enhanced light absorption due to the presence of a plasmonic

resonance is followed by carrier relaxation, which heats the

metallic nanostructures. Fast thermal diffusion leads to uni-

form NP temperatures.20 The heat is then transferred to the

surroundings of the metal within 100 ps–10 ns, depending on

the material, particle size and surrounding thermal conduc-

tivity as well as the thermal contact to the substrate.17,21,22

The thermal conductivity for the materials studied is high,

and the length scales of the structures are small. NPs reach

thermal equilibrium in a time23 s ¼ R2C2
p=9CsKs, where CS

is the heat capacity (per unit volume) of the shell, Cp is the

heat capacity of the Cu, and KS is the thermal conductivity

of the shell. For the particles here, we estimate that the sys-

tem reaches a thermal equilibrium in �1 ns. Therefore, it is

safe to assume that the catalyst nanoparticle and the sur-

rounding oxide have the same temperature given the vacuum

atmosphere. It is thus this optical-triggered heating of the

outer oxide shell that induces the reduction process. The

presence of the oxide shell and its reduction have a strong

effect on the plasmonic modes of Cu NPs.24 Their frequency

and spectral widths are determined by the electron density,

effective mass, particle shape and size, dielectric function,

and surrounding environment. Electron density, effective

mass and dielectric function are characteristics of the mate-

rial, which were therefore fixed in our experiment. From

SEM characterization, the nanoparticles we illuminate show

the same spherical shape before and after irradiation (Fig. 2

inset, Fig. 3(a), Fig. S2 of supplementary material).

Therefore, any change we observe in the scattering signal

must originate the modification of the two remaining param-

eters: the NP size and its surrounding environment. The scat-

tering spectra recorded for different sized Cu NPs (Figs.

2(a)–2(c)) show that exposure to the laser beam blue-shifts

the LSPR. The change in size alone is unable to account for

the large spectral shifts (>100 nm) we report. Therefore, the

change in the environment of the metal NP, i.e., the oxide

thickness, unequivocally explains the experimental observa-

tions. In order to be able to better resolve the spectral dynam-

ics, we use a low laser power (1.5mW) such that the whole

reduction process takes �100 s. This behaviour is exhibited

for all the different sized NPs studied here (�100–300 nm),

demonstrating that the effects of the oxide shell are relatively

FIG. 1. Cu NP reduction. Schematic of selective reduction of Cu NPs by

laser illumination. The 532 nm laser is focused to 1 lm spot size. (a)

Initially, the Cu NPs have not been illuminated and an outer oxide layer,

depicted in blue, is present. (b) In the next step, one Cu NP is illuminated by

the laser beam, so that (c) the outer layer of copper oxide is reduced after

laser illumination.

FIG. 2. Cu NPs’ reduction. Scattering spectra of individual Cu NPs irradi-

ated by 532 nm laser beam in vacuum for NP diameters of (a) 130 nm, (b)

100 nm, and (c) 150 nm. Inset, SEM image of Cu NP after irradiation. Scale

bar is 100 nm. (d) Simulated scattering spectra of rounded Cu cube of side

length 140 nm with progressively reducing thickness t of oxide shell. In all

simulations, incident Gaussian light (blue arrow) is polarised along x and

propagating along –z direction.
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independent of the particle size (phase retardation effects for

the larger particles play only a minor role in the observed

LSPR variations). The thinning of the oxide layer also

reduces the intensity of the LSPR. This is because the blue-

shift brings the LSPR peak inside the spectral region of cop-

per interband transitions, more strongly damping the plas-

mon due to its interaction with the absorption background,

resulting in a decrease in intensity. We confirm these obser-

vations by simulating the optical response of core–shell

(Cu@Cu2O) structures with geometries, as shown in the

inset of Fig. 2(d), for different oxide thicknesses t. We use

standard finite-difference time-dependent simulations

(Lumerical),25 illuminating a Cu cube of side 140 nm with

rounded corners to model the NPs. Indeed, a blueshift and an

intensity reduction of the LSPR peak are observed for thin-

ner oxide layers (Fig. 2(d)) matching our experimental data.

Native copper oxide is a mixture of CuO and Cu2O

(Pilling-Bedworth ratio 1.78 and 1.12, respectively).26

In-situ SEM analysis during the in-vacuum heating of Cu

NPs (up to �830 �C) confirms that a decrease in volume

occurs during the NP reduction of the copper. We observe a

volume decrease by a factor of 6 of the reduced particles

after annealing, compared to their initial volume with native

oxide layer (supplementary material, Fig. (S1)). For compar-

ison, the volume ratio extrapolated from the simulations of

the rounded Cu cube with a 45 nm oxide shell is 4.4. We

thereby infer that the range of temperatures achieved during

laser heating is comparable to those during the in-situ heat-

ing in the SEM. The Cu NP shapes observed in electron

microscopy after irradiation (Fig. 2(a), inset) appear much

more homogeneous compared to the initial non-irradiated

nanostructures (supplementary material Fig. (2)). They also

appear generally similar to each other, and thus our technique of

irradiation offers an alternative solution to the challenge of

generating homogenous Cu seed NPs, without the need to

expose the whole substrate to high temperatures.

The photo-switchable oxidation states of functioning

catalysts result in a valuable tool for the control of surface

reactions.27 The reduction of CuxO to bare Cu NPs at the sin-

gle particle level and the possibility to observe the spectro-

scopic signature of any process in vacuum conditions or in

the presence of a gaseous species opens up the possibility to

study systems and explore chemical reactions through opti-

cal spectroscopy in real time. We aim to study the reactive

processes at the single particle level and here focus on the

laser-induced catalytic growth of germanium nanostructures

from the reduced Cu NPs (Fig. 3(a)). We introduce diluted

Ge2H6 as the precursor (0.2% in Ar, �10 mbar total pressure

during growth) into the vacuum chamber. Depending on the

catalyst particle temperature, material growth is achieved

either with the catalyst remaining in a solid phase (including

germanide phase transformations) or as the catalyst forms a

liquid alloy phase (which generally leads to faster growth

rates2,28,29).

We use laser irradiation and selective light absorption to

locally heat and trigger reactions on individual supported cata-

lyst nanoparticles in the gaseous precursor atmosphere, using

a technique developed previously.2 In line with the previous

detailed growth studies,11,29 this leads to a local and selective

Ge2H6 dissociation on the Cu NP. The reaction/dissolution

and eventual supersaturation with Ge triggers the nucleation

and growth of a Ge crystal. For excessively high temperatures

(i.e., at too high laser power), non-selective pyrolytic decom-

position of the Ge precursor dominates. Hence, the restriction

of laser powers is important to ensure a selective growth pro-

cess that occurs only on the catalyst interface and in particu-

lar, not on the adjacent substrate that is also heated. In fact,

as we previously highlighted,2 such laser control of catalytic

crystal growth is non-trivial as the phase transformations

of the catalyst as well as the growing crystal cause a continu-

ous reaction-dependent change in laser absorption. As the Ge

crystal grows, the composite nanostructure absorbs more

and more light because of the increasing optical cross-section,

observed simultaneously as a rise in scattering strength

(Fig. 3(c)). The complex spectral signal we detect is induced

by the presence of localised magnetic and electric resonances

supported in the Ge nanostructure, which dominate the optical

response.2 Such resonances can be spectrally tuned by varying

the crystal length and diameter.30 As we previously reported,2

the spectral positions of the resonances for different modes

excited inside an NW show a general redshift with increasing

NW length. This enables us to follow the crystal elongation

during growth. In the spectra of Fig. 3(c), the transverse-

magnetic TM11 resonance redshifts into the infrared wave-

length range, outside the detected region. As the crystal length

increases further, the transverse-electric TE11 resonance,

which initially lies in the visible region, redshifts to �800 nm

and increases its intensity. Such optical signatures allow us to

follow in real time the growth of the Ge crystal, which is how-

ever not the main focus of the current paper. It is important to

note that if the laser power is not reduced accordingly to keep

the temperature constant, this leads to positive feedback and

detrimental overheating with the temperatures then high

enough to cause non-selective, deleterious pyrolytic Ge

FIG. 3. Cu-catalysed Ge growth. Reduced Cu NP before (a) and after (b)

growth process. Cu NP diameter �220 nm. Inset, energy-dispersive X-ray

(EDX) spectroscopy along the dashed line shows the presence of Cu in red

and Ge in blue in the grown structure. Scale bar is 100 nm. (c) Evolution of

scattering spectra during growth with (d) corresponding feedback control

that reduces the laser power (purple line) when a change in the scattering

signal (orange line, integrated over spectral range 650–700 nm; orange

shaded area in (c)) is detected. Dynamically reducing the irradiation laser

power avoids overheating, enabling the controllable growth of Ge NWs.
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overgrowth.2 In order to avoid such overheating, we thus use

the scattered intensity as a control signal to directly adjust the

power of the laser during the reaction (see Fig. 3(d)). By

implementing this in-situ feedback, we maintain the catalytic

process to be dominant and can show the early stages of local-

ised crystal growth (Fig. 3(b)). We do not observe any growth

if we irradiate the substrate without nanoparticles. We note

that the laser spot has a diameter of 2 lm and the largest parti-

cle we irradiate is �200 nm. We observe growth only from

the copper and not on the surrounding substrate. Thus, we

emphasise that only the Cu nanoparticles are active here, and

they act as seeds for nucleation.

In this work, we show in-situ observations of the reduc-

tion of copper oxide around Cu NPs upon laser irradiation. By

combining low pressure and high temperature conditions, it

becomes possible to reverse the native oxidation process,

leading to the recovery of pure copper particles. We examine

in real time the optical response of the system by dark field

spectroscopy observing blue-shifts and a reduction in intensity

of the Cu NP plasmonic resonance on reduction. This tech-

nique operates at very low mW laser powers due to slow heat

dissipation within the thin support membrane. This capability

to easily reduce copper oxide NPs by light indicates that Cu

may now be able to replace the more expensive metals of Ag

and Au for certain plasmonic applications, including

refractive-index sensing and surface enhanced Raman spec-

troscopy (SERS) in gas-phase applications.31 We also demon-

strate one particular application of Cu NPs, using them to

selectively drive catalytic growth reactions at low laser power

(<1 mW). Our results show the capability to grow the

CMOS-compatible metal-catalysed nanostructures by locally

heating the CuNP catalyst via laser irradiation, while optically

monitoring their spectroscopic signature, leaving nearby

regions unreacted. Our technique can also be applied to study

a range of crystal growth reactions on the nano-scale, allow-

ing rapid facile combinatorial mapping and screening of the

CVD parameter space, which is arduous with conventional

global back heating.

See supplementary material for Cu NPs’ volume change

with heating, SEM characterization of initially synthesised

Cu NPs and absorption in Cu oxides.
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