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ABSTRACT: Plasmonic Cu nanoparticles (NP) were successfully deposited on ZnO 

substrates by atomic layer deposition (ALD) owing to the Volmer–Weber island growth 

mode. An evolution from Cu NP to continuous Cu films was observed with increasing the 

number of ALD cycles. Real and imaginary parts of the NP dielectric functions, determined 

by spectroscopic ellipsometry using an effective medium approach, evidence a localized 

surface plasmon resonance that can be tuned between the visible and near infrared ranges by 

controlling the interparticle spacing and size of the NP. The resulting Cu NP/ ZnO device 

shows an enhanced photo-response under white light illumination with good responsivity 

values, fast response times and stability under dark/light cycles. The significant photocurrent 

detected for this device is related with the hot electron generation at the NP surface and 

injection into the conduction band of the ZnO. The possibility of tuning the plasmon 

resonance together with the photo-responsivity of the device is promising in many 

applications related with photo-detection, photonics and photovoltaics. 

Introduction 

Metal nanoparticles (NP), such as Au, Ag and Cu, have gained a lot of attention in 

multidisciplinary fields due to their outstanding optical and electrical properties. They exhibit 

localized surface plasmon resonance (LSPR), which comes from the coupling between the 

electromagnetic field and the collective oscillations of the free conduction electrons at the 

nanoparticle surface. With a precise control of the size, shape, density and dielectric 

environment, light can be manipulated and controlled in an exceptional manner. This is the 

reason why NP have drawn intense scientific and technological interest in many fields e.g. 

chemical sensing,1 catalysis,2 photonics,3 and photovoltaics.4,5,6 Cu NP have the advantage of 

their low cost compared with Au and Ag. Moreover, Cu is already a material widely used in 
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microelectronics, with high electrical conductivity and photosensitivity,7 making Cu NP 

promising in applications related with nanoelectronics, optoelectronics, sensing, etc.8 

ZnO is a low cost wide band gap semiconductor, with high exciton binding energy and 

high chemical stability, that has proven to be an excellent candidate for UV photodetection, 

light emitting diodes, transparent thin-film transistors, among others.9, 10 In particular, Cu NP 

grown on ZnO act as catalysts in the methanol synthesis from CO2 hydrogenation11 and also 

for plasmonic energy conversion through hot-electron generation at the interface between the 

Cu NP and ZnO films.12, 13 The plasmonic effect in Cu NP can boost the optoelectronic 

properties of ZnO by broadening the absorption band, enhancing the photocurrent and 

photocatalytic activity and allowing a wavelength-tunable photo-detection in the Cu/ZnO 

devices by controlling the NP size, shape, density and agglomeration, for example.14,15  

 Examples of some of the different routes used for the fabrication of Cu NP are nanosphere 

lithography,16 electrochemical deposition,17 laser ablation in liquid media,7 and chemical 

reduction.18 Even if these methods enable the production of Cu NP, in some cases this is 

achieved on limited surface areas and/or using complex routes. In this paper we propose a 

different approach to fabricate highly responsive Cu NP/ZnO photodetectors using a simple 

atomic layer deposition (ALD) route. In a previous work we have already demonstrated the 

area selective ALD of Cu and Cu2O on ZnO substrates.19 In this paper the growth of Cu NP 

on ZnO thin films is achieved at early stages of the deposition owing to the Volmer–Weber 

island growth mode. The optical responses of Cu NP, determined by spectroscopic 

ellipsometry using an effective medium approach are given and analyzed. It is shown that the 

LSPR of Cu NP can be tuned between the visible and near infrared ranges by controlling the 

interparticle spacing and size of the NP. Finally, the enhanced photo-response capability of 

the plasmonic Cu NP/ZnO device is demonstrated by conductive atomic force microscopy 
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(C-AFM) showing the potentialities of this technique for the fabrication of photo-detecting 

devices. 

 

Results and discussion 

Cu NP were grown on ZnO thin films by ALD.  Figure 1a-f shows top-view SEM 

micrographs of the Cu NP grown after 50 – 5000 ALD cycles; the lateral NP size (NPLS) 

distribution is shown as insets.  

At early growth stages (50 cycles) we observe a random nucleation of Cu islands, with 

average NPLS and density of 9.5 nm and 4.7×1010cm−2, respectively. The formation of these 

small Cu NP dispersed on the ZnO substrate indicate a Volmer–Weber island growth mode at 

the first stages of deposition.20,21 Increasing the number of ALD cycles, the density is further 

increased as a result of the nucleation of new islands at “free” sites on the surface. However, 

after this first increase, the NP density tends to decrease monotonically with the number of 

ALD cycles as a result of the coalescence between adjacent islands. More precisely, for 

samples obtained at 500 cycles or more, there is a competition between coalescence and 

nucleation as can be verified in the histogram of Figure 1c that shows two NP populations, 

one with most likely size around 7 nm (due to nucleation) and a second one with most likely 

size around 24 nm (due to coalescence of smaller island). For Cu NP obtained after 3000 

cycles, coalescence is clearly dominant and there is no secondary nucleation. This leads to a 

decrease in the density of particles while the surface coverage (see Figure 2a) and average 

NPLS increase (see Figure S1 of supporting information).  

In general, wide Cu NPLS distributions were obtained as a result of different nucleation 

times.17 At 5000 cycles, most of the islands are interconnected due to the strong coalescence, 

which also leads to a much wider NPLS distribution (NP sizes ranging from 20 to 257 nm). 
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Moreover, at this point, as the surface is almost completely covered (surface coverage: 95%), 

the growth of smaller particles is limited by their proximity with neighboring particles, which 

also contributes to the widening of the NPLS distribution.  

 

Figure 1. Top-view SEM micrographs of Cu NP at 50 (a), 200 (b), 500 (c), 1500 (d), 3000 

(e) and 5000 (f) ALD cycles with the corresponding NPLS distributions at the inset (RF 

meaning relative frequency).  

After 10000 cycles, a continuous Cu film is formed apart from some discontinuities 

between grains (see Figure S2 of Supporting Information). The thickness measured from 

cross-section TEM micrographs (Figure 2b) is in the 45-50 nm range. Resistivity values for 

this sample are in the 8 − 10 μΩ cm range. These values are in relatively good agreement 

with the  resistivity of bulk copper (1.68 μΩ cm) considering electron scattering at film 
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interfaces22 due to the small thickness of the films which is comparable with the mean free 

path of conduction electrons in Cu (40 nm).23   

X-ray diffractograms of the Cu NP obtained at different number of ALD cycles are shown 

in Figure 2c. Cu NP are preferentially oriented in the [111] crystallographic direction, as 

indicated by the very small peak associated to the (200) crystallographic planes compared to 

the (111) peak.  The intensity of the (111) Cu peak increases with the number of ALD cycles 

as a result of the increase in thickness, size of Cu NP and surface coverage. An XPS spectrum 

for a typical Cu NP/ZnO sample can be found in Figure S3 of Supporting Information.  

A cross-section high-resolution TEM (HR-TEM) micrograph of the sample obtained at 

10000 ALD cycles is displayed at the inset of Figure 2b. The fast Fourier transform (FFT) 

pattern taken at this region is displayed at the corner. It is possible to identify the (111) and 

(200) planes of Cu. The interplanar distance was measured to be 0.21 and 0.18 nm for the 

(111) and (200) planes, respectively, in good agreement with those reported for fcc Cu (PDF 

04-0836), evidencing the good crystalline quality of the metallic Cu grown by this ALD 

route. The metallic character is also confirmed for Cu NP, as reported in Fig S4 of the 

Supporting Information. 
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Figure 2. Surface coverage and density versus the number of ALD cycles (a). Cross-section 

TEM micrograph of the Cu film (10000 ALD cycles) and a HR-TEM micrograph with the 

corresponding FFT pattern at the inset (b). X-ray diffactrograms of the Cu NP deposited at 

1500 (black), 3000 (blue) and 5000 (magenta) ALD cycles and the Cu film (red) deposited at 

10000 ALD cycles (c) 

Localized surface plasmon resonance 

The presence of a LSPR band for the Cu NP was demonstrated by spectroscopic 

ellipsometry. The model employed for samples obtained after 1500, 3000 and 5000 ALD 

cycles is schematically represented in Figure 3a. The film stack consists in Cu NP deposited 

on a ZnO film grown on the Si substrate. In the case of the sample deposited at 10000 cycles, 

a Cu film with a certain porosity was considered since this film was thick enough to be 

opaque (details on the models to fit spectroscopic ellipsometric data are provided as 

Supporting Information, Figure S5, S6 and S7). 
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Figure 3 shows the real (b) and imaginary (c) parts of the effective dielectric function. The 

imaginary part of the effective dielectric function (εi) for samples obtained at 1500 (black 

line), 3000 (blue line) and 5000 (violet line) cycles displays a LSPR band located at 697 nm 

(1.78eV), 867 nm (1.43eV) and 1127 nm (1.10 eV), respectively; which is accompanied by a 

large variation of the real part of the dielectric function (εr). Moreover, the amplitude of this 

variation in εr increases consistently with the LSPR peak intensity. LSPR bands are relatively 

wide and the full width at half maximum increases accordingly to the widening of Cu NPLS 

distribution. 

It is worth noting that εr presents ranges with negative values for samples obtained at 3000 

cycles and above.  In this case, εr becomes negative for energy values between 516 and 826 

nm (1.5 - 2.4 eV) and this behavior is more pronounced for the sample obtained at 5000 

cycles. The negative values of εr are the result of NP coalescence: with increasing the number 

of cycles, Cu NP get in contact to form a compact layer (metallic behavior). However, they 

still support a plasmonic mode as confirmed by the presence of the LSPR band in εi. 

Therefore, this sample presents an hybrid behavior between a metallic and a plasmonic 

material.24 For the sample obtained at 10000 cycles, εr is also negative but no plasmonic band 

is observed, indicating a metallic behavior. This result is expected since, in this case, a 

continuous metallic Cu film was formed, as verified by TEM and SEM micrographs.  

As shown in Figure 3c, the LSPR band is red-shifted as the number of ALD cycles 

increases. This LSPR red-shift has already been observed for Cu NP with increasing particle 

size.16, 17 However, such a large shift cannot be explained solely by the increase in NP size. 

Theoretical and experimental studies have shown that reducing the distance between Au NP 

produces a red-shift in the LSPR spectra.25,26,27 Additionally, the plasmon resonance depends 

strongly on particle shape. For example, changes in the geometry of the NP from circles to 

pentagons or triangles produce a significant shift in the plasmon signal28 and a red-shift has 
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been predicted when spherical particles become more oblate.29 The formation of NP 

agglomerates, chains or complex networks can also produce an important broadening and 

red-shift of the plasmon resonance. 30, 31, 32, 24  

In our case the red-shift is obviously mostly related to NP coalescence and the decrease in 

the inter-particular spacing which strengthen the coupling between different NP as they get 

closer to each other. In the case of sample grown with 5000 cycles, where particles as large as 

257 nm are observed, NP size can also contribute to this red-shift. Nevertheless, the effect of 

NP shape cannot be completely ruled out, since an evolution in the geometry of Cu NP can be 

observed from sample grown at 1500 cycles to sample grown at 5000 cycles, and this could 

also influence the position and width of the LSPR band.  

For all the samples, the spectra in Figure 3 are dominated by inter-band transitions below 

540 nm (above 2.3 eV).33 The values of the inter-band transition threshold are 571 nm (2.17 

eV), 623 nm (1.99 eV) and 620 nm (2.00 eV), for the 1500, 3000, and 5000 cycles samples, 

respectively, in relatively good agreement with the value of 590 nm (2.1 eV) reported for 

bulk Cu. 
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Figure 3. Schematic of the physical model used for fitting the ellipsometry data (a). Real (b) 

and imaginary (c) parts of the dielectric function of the Cu NP (color lines) and the Cu film 

(black line). 

Photo-response of Cu NP under visible light 

In order to verify the photo-response capability of the plasmonic Cu NP/ZnO device, 

conductive atomic force microscopy (C-AFM) measurements were performed in dark and 

under illumination with a white light LED (5700 K, spectra from 400 nm to 800 nm). A 

schematic of the configuration employed for the C-AFM measurements is presented in Figure 
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4a. The AFM tip was in contact with the Cu NP and a gold back contact was sputtered on the 

ZnO film. Only the sample with Cu NP deposited at 1500 ALD cycles was tested since it has 

a LSPR band centered at 697 nm. For the other samples, with LSPR bands in the IR region of 

the electromagnetic spectrum, no excitation should be expected with the used LED.  

Dark and under LED illumination current density-voltage (J-V) characteristics of the 

sample are shown in Figure 4b. Knowing the AFM tip radius of 100 nm, and considering it 

was in contact with more than one particle, a lower approximation of the current density was 

calculated approximating the contact area by 4315 nm2 (see Supporting Information, Figure 

S8). Both Ohmic contact or a Schottky junction have been reported between ZnO and 

metallic Cu. 34,35,36 This is due to the similar work function values between Cu (4.59 – 4.98)37 

and ZnO (4.338 - 4.7139) and to the fact that they can vary largely depending on surface 

preparation, structure, morphology and point defect densities.40 In our case, the formation of 

a Schottky junction between Cu and ZnO was previously verified by macro-electrical 

measurements for the compact Cu film/ZnO (see Figure S9, Supporting Information). In the 

case of the Cu NP/ZnO structure an almost symmetric J-V curve was obtained by C-AFM. 

This result is due to the formation of two Schottky junctions at the Cu NP/ZnO and ZnO/Au 

(back contact) interfaces, since symmetrical J-V characteristics are typical of back-to-back 

Schottky devices.41,42,43 The formation of the back contact between ZnO and Au is expected 

since the work function of Au (5.31-5.47 eV) 37,44 is much higher than that of ZnO.45  

The J-V curve under illumination with the white LED (red line) shows a significant 

increase in the current density, which confirms the photosensitivity of the device. Moreover, 

the current density under illumination gradually increases (almost linearly) with the increase 

of the reverse bias voltage from 0 to -6V. The dark current observed for reverse bias voltages 

arises from thermionic emission.45  

The responsivity (R) of the device was calculated by the formula,46 
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𝑅 =
𝐽𝑝ℎ

𝑃𝑜𝑝𝑡
                              (1) 

Where, 𝑃𝑜𝑝𝑡 is the incident power density on the device and 𝐽𝑝ℎ is the photocurrent 

calculated by subtracting the dark current (𝐽𝐷) from the current under illumination (𝐽𝐿). The 

sample responsivity is plotted in Figure 4c as a function of the reverse bias voltage. The 

highest responsivity was of ~ 0.10 A/W, obtained at a bias voltage of - 6 V (𝜆 = 400 −

800 𝑛𝑚, 𝑃𝑜𝑝𝑡 = 7 𝑊/𝑐𝑚2) in the same order to values reported for other Cu-ZnO-based 

visible photodetector at 10 V.47 

Figure 4c shows the evolution of the current as a function of the applied bias voltage during 

dark/light cycles of 20 s (during these measurements the AFM tip was stationary on the NP). 

A photocurrent is detected whenever light is on, confirming that the device can be on/off 

switched keeping a good stability. In order to describe the response speed of the 

photodetector, the rise and recovery times were calculated from the current vs. time curves at 

different applied voltages under dark/light cycles of 20 s (see Figure S10 of Supporting 

Information). The rise time, defined as the time difference between the 10 and 90% points of 

the maximum amplitude of the current pulse, is between 0.50 and 0.75 s for measurements 

under different bias voltages. The recovery time, defined as the time difference between the 

90 and 10% points of the maximum amplitude of the current pulse during the trailing edge of 

the pulse, is between 0.54 and 0.67 s. These response times are promising considering the 

values that have been reported for some Cu-ZnO-based visible photodetectors of 8 s and 17-

23 s.47,48 
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Figure 4. Photo-response of Cu NP under visible light. Schematic of the C-AFM 

measurements (a). Current density-voltage characteristics of the Cu NP/ZnO device on dark 

and under visible light illumination, estimated contact area of 4315 nm2 (b). Responsivity and 

𝐽𝐿 𝐽𝐷⁄  ratio as a function of the reverse voltage (c). Current density evolution as a function of 

the applied bias voltage during dark/light cycles of 20 s (d). Schematic illustration of the 

energy band alignment at the Cu NP/ZnO interface together with the representation of hot 

electron generation at the Cu NP and the transfer to the ZnO through the Schottky barrier (e).  

Since ZnO exhibits a wide band gap of 3.3 eV, there is no significant absorption (unless a 

weak one related with some defect levels within the band gap) when illuminated with white 

light. Furthermore, for the traditional Schottky junction formed between Cu and ZnO thin 

films (sample deposited at 10000 ALD cycles, see Supporting Information Figure S9) the 
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ratio 𝐽𝐿 𝐽𝐷⁄  was of 1.65 at -1V which represent less than 30 % of the ratio of 5.86 obtained for 

the Cu NP/ZnO at the same bias voltage (see Figure 4c). Therefore, the significant increase in 

the photocurrent observed here can be univocally attributed to the effect of the Cu NP. We 

propose that it is the result of hot-electron generation from Cu NP upon LSPR decay, and 

injection into the ZnO film. When white light illuminates the sample, LSPR excitation occurs 

in the Cu NP. In the case of non-radiative decay, energy is transferred to hot electrons that 

become excited above the fermi level (see Figure 4e). Electrons in the Cu NP having 

sufficient energy to overcome the Schottky barrier are injected into the ZnO semiconductor. 

A rough estimation of the Schottky barrier for the Cu/ZnO structure of 0.7 eV was calculated 

using the thermionic emission-theory49 (see Figure S9, Supporting Information). For noble 

metal NP, the hot-electron energies are usually in the range of 1 to 4 eV above the Fermi 

level. 50,13 Hence, they can easily overcome the Schottky barrier and be injected into the ZnO 

film, resulting in photocurrent generation. Since the electrons are injected into the 

semiconductor, the plasmonic NP are left positively charged, however the charge is balanced 

as the device is connected to an external circuit. A reverse bias provides the necessary 

electrons to keep the charge balanced and the current flowing in the device. Moreover, 

increasing the negative bias favors electron injection form Cu NP to the conduction band of 

ZnO, increasing the photocurrent. 

 

Conclusion 

We have shown that Cu NP deposited by ALD on ZnO films hold LSPR with plasmon 

wavelength tunable continuously between the visible near-infrared by changing the NP size 

and separation, parameters that are controlled by the number of ALD cycles. Cu films could 

also be produced at large number of ALD cycles. A highly-responsive visible light 

photodetector was fabricated based on hot electron injection from Cu NP exhibiting LSPR to 
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ZnO thin films as demonstrated by C-AFM measurements. The significant photoresponse and 

fast response times of Cu NP/ZnO device together with the possibility of tuning the LSPR 

band between the visible and near-infrared region of the electromagnetic spectrum open an 

avenue towards the development of new systems for plasmon-enhanced light–emitting and 

photovoltaic devices. The deposition of Cu NP by ALD offers the possibility to cover high 

aspect ratio structures and complex 3D surfaces, which is highly demanded for applications 

related with gas sensing, plasmon catalysis and plasmonic energy conversion.  

Experimental Section  

ZnO films were grown by reactive magnetron sputtering on Si (100) and glass substrates 

using a Zn metallic target (99.99 %). For the deposition Ar and O2 flow rates of 50 and 6 

sccm were used, respectively. The base pressure in the chamber was around 10-3 Pa and the 

total pressure during deposition was kept at 0.5 Pa.  A current of 0.07 A was applied to the Zn 

target. Cu NP and Cu thin films were grown on ZnO by atomic layer deposition in a ALD 

PICOSUN™ R-200 Advanced Reactor. Cu(hfac)2 (99.99+%-Cu purity) was used as copper 

precursor and deionized water was employed as reactant. The substrate temperature was of 

280°C and the pressure in the ALD chamber was of 8 hPa. A four-step ALD deposition 

process consisting on 1s of Cu(hfac)2 pulse and 3s of water pulse separated by 6 s of N2 purge 

was employed.  Different number of ALD cycles were used ranging from 20 to 10000. More 

details on both the sputtering and ALD processes can be found in de Melo et. al.19 

Ellipsometric measurements were performed with a phase modulation ellipsometer 

(UVISEL, Horiba). Scanning electron micrographs of the Cu NP were performed at 5 kV in a 

Philips XL-30 S-FEG SEM. The average NPLS distribution was determined with the Image J 

(1.51n) software by measuring the diameter of individual NP. X-ray diffractograms of the 

samples were obtained in a diffractometer (Bruker D8 Advanced) using Kα1 radiation of Cu 
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(wavelength λ=0.15406 nm) in the θ-2θ configuration. X-ray photoelectron spectroscopy was 

performed to the Cu NP under Mg Kα X-rays (1253.6 eV). Transmission electron microscopy 

analysis of the Cu NP and the Cu film were carried out in a JEOL ARM 200F Cold FEG 

TEM/STEM operating at 200 kV. The TEM lamella was prepared by focused ion beam 

(Helios 600i-FEI). The resistivity of the Cu film was measure by the four-point probe method 

in a linear configuration. The electrical measurements for the Cu/ZnO Schottky junction were 

performed by a source picometer (Keithley 2401) using two metallic needles as contact. For 

the electrical characterization of the CuNP/ZnO device conductive atomic force microscopy 

measurements were performed in contact mode using a NTEGRA AFM (NT-MDT) system. 

For these measurements a N-doped diamond coated probe (DCP20) was used (height =10 

μm, radius=100 nm). For the measurements under illumination a Thorlabs white LED was 

used with 5700 K color temperature, emission spectra from 400 nm to 800 nm and maximum 

output power of 4.6 W. 
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