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Enhancement of a Cu,0/Zn0O photodetector
via surface plasmon resonance induced by Ag
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Abstract: The localized surface plasmon resonance enhancement of a Cu,O photodetector
was realized by Ag nanoparticles (NPs) that were fabricated by electrochemical deposition. A
ZnO nanowire was used to accelerate carrier separation. An increase of responsivity was
achieved based on the coupling interaction between the surface plasmon resonance in the Ag
NPs and the Cu,O film. The photodetector possessed high responsivity (0.27A/W). Compared
to the device without Ag NPs, the responsivity was enhanced 20-fold. The excellent
comprehensive performance of the Cu,O/ZnO photodetector reveals that localized surface
plasmon resonance is an efficient way to improve the performance of Cu,O-based
photodetectors.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cuprous oxide is a natural p-type direct-gap semiconductor with a 2.1 eV band gap energy
[1,2] that can be excited under illumination with the visible light. It is one of the most studied
metal oxides for photodetector applications [3,4] because of its high optical absorption
coefficient and excellent photoelectric conversion efficiency [5,6]. It is a potential material
for applications in electronic and photoelectric devices [7-9]. ZnO plays an important role in
the charge separation and migration in the Cu,O based p-n photodetector [10]. Cu,O/ZnO
heterojunction can provide a larger surface area and more efficient photo-generated electron-
hole pair separation. As previously reported [3], a photodetector based on Cu,O/ZnO
heterojunction exhibited responsivity of 8.2 mA W' in visible light. However, the
responsivity of Cu,0/ZnO photodetectors is inferior in most previous studies because of the
low efficiency of the carrier generation. Therefore, it is crucial to find effective ways to
improve the performance of Cu,O-based photodetectors.

Surface plasmon has been widely used to improve the responsivity of photodetectors [11—
13]. The localized surface plasmon (LSP) effect of noble metal nanoparticles (NPs) enhance
light absorption through coupling between the incident light and metal NPs. The excitation of
LSP can be easily achieved in many metal nanoparticles, such as Au, Ag, Al and Pt [14-17].
Ag NPs were widely used in many semiconductors for photoluminescence and absorption
enhancement due to their unique features such as relatively low loss, and flexible tenability
resonant frequency [18-22]. This is the preferred material for enhancing Cu,O-based
detectors. As previously reported [23], the responsivity of Ag/Cu,O/ZnO photodetector is 11
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times higher than that of a photodetector prepared from pure Cu,O film, which is still lower
than the theoretical expectation.

For this paper, Cu,O-based photodetectors were fabricated on indium-tin-oxide (ITO)
glass substrates via electrochemical deposition following the deposition of ZnO NWs
decorated with Ag NPs. A comparative study of Cu,O photodetectors with and without Ag
NPs was performed, to understand the effects of LSP on device performance. It was
demonstrated that Ag NPs could greatly increase the responsivity of the photodetector. A
tremendous increase in photocurrent (9.4 mA at 2 V bias) was observed for samples with Ag
NPs, which was increased 200 times compared to devices without Ag NPs. The photodetector
possessed high responsivity (0.27 A/W), which was enhanced 20-fold when compared to the
device without Ag NPs. We attributed the improved performance to the effects of LSP on
promoting light absorption and the generation and transformation of photon-generated
carriers.

2. Experimental detail

The Cu,0/Ag/ZnO heterostructure was fabricated on an ITO (10 Q/cm®) glass substrate. First,
ZnO nanowires were prepared by electrochemical deposition. Briefly, a 0.05 mol/L aqueous
solution of zinc acetate and hexamethylenetetramine was used as the precursor. ITO glass was
used as the cathode to deposit ZnO nanowires at —0.8 V and the deposition was performed at
65 °C for 30 min. Second, Ag NPs were sputtered onto the ZnO NWs to form a Ag/ZnO
nanostructure using ion sputtering equipment at room temperature. The current was 2 mA and
the sputtering time was 30 s. Finally, Cu,O film was deposited on Ag/ZnO to form a
sandwiched Cu,O/Ag/ZnO heterostructure. In the typical procedure, an aqueous solution of
0.4 mol/L CuSOy and 3 mol/L lactic acid was used as the precursor and the pH was adjusted
to 10 using NaOH solution. Cu,O was deposited at 60 °C under —0.6 V for 15 min. To
provide ohmic contact, an In electrode was prepared on Cu,O.

The surface morphology of the metal nanostructures and the Cu,0O/ZnO heterojunction
were characterized by scanning electron microscope (SEM, Hitachi S-4800). The crystal
structure was studied using an X-ray diffractometer (XRD, Bruker D8 Focus). The absorption
spectrum was measured by a UV-visible spectrophotometer (UV-2450) and the current-
voltage (I-V) curves of the heterojunction devices and ohmic contact characteristic curve
were measured using a source meter unit (Keithley 2400) at different bias voltages and the
photoresponse properties of the photodetectors were characterized using a 150 W Xe lamp as
the excitation source.

3. Results and discussion

The X-ray diffraction spectrum of Cu,O/ZnO is shown in Fig. 1(a). Several strong diffraction
peaks that correspond to the cubic phase of Cu,O (JCPDS 65-3288) are identified as the
(110), (111), (200) and (220) face. The diffraction peaks of the ZnO and ITO substrate are
relatively weak due to their coverage with a thick Cu,O film. The peak located at 34.4° could
be indexed to the (002) face of ZnO. The ZnO NWs have a c-axis preferred orientation and
the insets of Fig. 1(a) are SEM images of the Cu,O/ZnO NWs heterojunction at the top and
side view. The Cu,O films consist of a cubic structure that compacts well together. Cross-
section images show that the thickness of the Cu,O film is about 4.3um and the ZnO NWs
array is immersed in Cu,O film. It can be observed that the Cu,O filled well in the space
between ZnO nanowires under the present processing conditions, which is expected to
increase the contact area of the heterojunction effectively and greatly enhance the
concentration of electron-hole pairs. The UV-visible absorption spectra of Cu,0O/ZnO were
measured, as shown in Fig. 1(b). The absorption edges located in the ultraviolet and visible
light range are obviously observed, which come from the absorption of ZnO NWs and Cu,O
film, respectively [24]. The inset of Fig. 1(b) is the plot of (ahv)* vs. hv for the Cu,0/ZnO.
The band gap values are calculated according to:
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where « is the absorption coefficient; 4 is the Planck constant, and Eg is the band gap of the
semiconductor. The band gap energies are determined to be 2.16 ¢V and 3.30 eV from the
UV-visible absorption spectrum, which are accordance with the band gap of Cu,O and ZnO.
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Fig. 1. (a) The corresponding XRD patterns of Cu,O/ZnO; the inset is the SEM images of
Cu,O/Zn0O on ITO with the top and cross-section, respectively. (b) The UV-visible spectra of
Cu,0/ZnO0, the inset is the plot of (onhv)2 vs. ho for the Cu,O/ZnO films.

As is well known, the good energy match between light absorption and LSP is the key
factor to achieving enormous response enhancement. The spectral shape and position of the
localized surface plasmon resonances (LSPR) in the metal nanoparticles are highly sensitive
to size, and internal gap [25-28]. Finite difference time domain (FDTD) simulations were
carried out to determine the size of Ag NPs and ensure that the resonance peaks could match
the absorption edges of Cu,0. The extinction spectra of Ag NPs are shown in Fig. 2(a). The
interspace gap (g) between two NPs was 10 nm, and the range of the radius is 45-65 nm. The
LSPR spectrum exhibits clearly observable peaks in the ultraviolet and visible light range for
the Ag NPs. The peaks around ultraviolet are related multipole resonance. The visible
resonance peaks have significantly red-shifted when the size of Ag NPs increased. The
extinction peak shifts from 508 nm to 671 nm when the radius of the Ag NPs increases from
45 nm to 65 nm; in addition, the resonance intensity becomes stronger when the size of the
Ag NPs increases. It is found that when the radius of the Ag NPs is 55 nm, the maximum
resonance intensity locates at 570-610 nm, which favorably matches with the Cu,O
absorption edge.

To further investigate the enhancement of responsivity introduced by the LSPR of Ag
NPs, we have prepared Ag NPs at the Cu,O/ZnO interface. Figure 2(b) shows the UV-visible
spectra of Cu,O/ZnO and Cu,O/Ag/ZnO. The inset in Fig. 2(b) is SEM images of Ag NPs
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sputtering for 30 s. Ag NPs of approximate size 110 nm were randomly distributed.
Compared to the sample without Ag NPs, the LSPR effect of Ag nanoparticles enhanced the
light absorption, through light coupling efficiency by matching the resonance frequency and
wavelengths. The specific wavelength would be coupled with the surface plasmon in Ag
nanoparticles. The absorption at specific wavelength will be enhanced, thus, how the LSPR
enhanced absorption for the specific wavelength of coupled light can be determined.
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Fig. 2. (a) Extinction spectra of Ag NPs, (b) The absorption spectra of Cu,0/ZnO films with
and without Ag NPs, the inset is SEM images of Ag NPs.

In order to understand the effects of Ag NPs, we performed wavelength-dependent
responsivity tests. The photo and dark current-voltage characterization were carried out for
the Cu,0/Zn0O and Cu,0O/Ag/ZnO heterostructure, as shown in Fig. 3(a). Insert of Fig. 3(a) is
the I-V curve between two In electrodes on Cu,O, which implies that the contact between In
electrode and Cu,O is ohmic. The responsivity spectra of Cu,O/ZnO and Cu,O/ZnO at 2V
bias are shown in Fig. 3(b) and the photo-current obtained from Cu,0/ZnO is 4.6*107° A.
However, a tremendous increase of photocurrents is observed for samples with Ag NPs. The
photocurrent of Cu,O/Ag/ZnO is 9.4*107 A at 2V bias, which is increased 200-fold. For the
I-V characterization, both devices exhibit small dark-current. The dark current of
Cu,0/Ag/Zn0O has slightly increased, which is attributed to the interface modification by Ag
NPs. this indicates that Ag NPs play an important role on enhancing the photocurrent. Figure
3(b) shows the responsivity of Cu,O/ZnO and Cu,O/Ag/ZnO under Xe lamp illumination at
wavelengths in the range 300-700 nm. It is found that the responsivity of Cu,0O/Ag/Zn0O is
greater than that of CuyO/ZnO in the whole range, particularly at 564 nm near the LSP of Ag
NPs. Notably; the peak responsivity value had increased from 0.013 A/W to 0.27 A/W. Two
factors influenced the response of photodetector. First, the increased intensities of electric
fields resulted in increased light absorption because the optical transition rate was
proportional to the square of the electric field amplitude [28]. Second, the absorption
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efficiency of photodetector increased in the visible light range because of the LSPR coupling

effect of Ag NPs.

() (b)"
== Cu,0/Ag/Zn0 PC —»—Cu,0/Zn0 PC
10° Eﬂ—(fuz()IAglln() DC == Cu,0/Zn0 D(Ir o2sh —m—Cuz()/Zn()
\\\ — == Cu,(VAZZnO
-
10° ; -

Current (A)

_,
Current (A)

e

Voltage (V)

=
9
=

=
=

e
=
b

Responsivity (A/W)

0.00

—— A

N

-1 0 1
Voltage (V)

300

400 500 600 700

Wavelength (nm)

Fig. 3. (a) I-V characteristics of the Cu,0O/ZnO and Cu,0/Ag/ZnO photodetector, the insert is
current-voltage curve between two In electrode on Cu,O. (b) Spectral response of the
Cu,0/Zn0 and Cu,0/Ag/ZnO photodetector at 2V bias.

Figure 4(a) and (b) are the photo-response spectra of Cu,O/ZnO and Cu,O/Ag/ZnO
photodetectors for 0.1-V bias. The peak responsivities are 0.013 A/W (2 V) for Cu,O/ZnO
photodetectors and 0.27 A/W (2 V) for Cu,0/Ag/ZnO photodetectors. The LSPR absorption
peak of the Ag NPs shows a 40 nm blue shift (from 604 to 564 nm) which is caused by the
resonant wavelength offset of the Ag NPs, due to the large size distribution of the Ag
particles. Figure 4(c) shows the peak responsivity as a function of the bias voltage. The linear
relationship can be observed from 0.1 to 2 V for two devices, which indicate no carrier
mobility saturation or sweep-out effect [29]. It is clear that the responsivity of the
photodetector with Ag NPs reveals a remarkable increase with applied voltages, which is due
to the LSPR coupling absorption enhancement. Besides the responsivity, detectivity is
another important parameter that reflects the photodetector sensitivity to incident light. The
major noise in our devices should be the thermal noise and shot noise, thus the detectivity
(D*) can be estimated via the following equation [29]:

. AI/ZR
D = 1/2
(4kOT / Rdark + zq[dark )

@

where A is the active area, R is the responsivity, k, is the Boltzmann constant, T is the
temperature, R, is the equivalent resistance at the bias point, ¢ is the elementary charge, and
Ly 18 the dark current at the bias point and the function between detectivity and bias voltage
was shown in Fig. 4(d). The maximum detectivity of Cu,0O/Ag/ZnO photodetectors was
3.3*¥10'° Jones, which was increased 37-fold compared to Cu,O/ZnO photodetectors (8.9%10°
Jones). The large detectivity of Cu,O/Ag/ZnO photodetectors was attributed to the low dark
current and high responsivity.
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Fig. 4. Spectral response of (a) Cu,O/ZnO and (b) Cu,0/Ag/ZnO photodetectors, (c) Peak
responsivity and (d) Detectivity of Cu,0/ZnO and Cu,O/Ag/ZnO photodetectors as a function
of the bias voltage.

4. Conclusion

In summary, a significant responsivity enhancement for the Cu,0/Ag/ZnO photodetector has
been realized for the surface plasmon resonance of Ag nanoparticles. The I-V and
responsivity measurements indicate that the sample decorated with Ag NPs exhibits high
photocurrent (9.4*107A) and responsivity (0.27 A/W), with 200-fold and 20 fold
enhancement compared to Cu,O/ZnO photodetectors, respectively. This photodetector has
excellent comprehensive performance, such as a high photocurrent, high responsivity and
large detectivity. Due to the great enhancement of the Ag surface plasmon, Cu,O/Ag/ZnO
photodetectors should have potential applications in image sensors.
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