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In this report, we present a photosensing unit based on single-walled nanotubes (SWNTSs) integrated with

Cu,0/Zn0 hybrid nanofilms. 50-nm Cu,O and 50-nm ZnO nanofilms are respectively deposited on a

SWNTs-coated polyethylene terephthalate (PET) sheet via a two-step sputtering process. The Cu,O/ZnO

nanofilm photodetector exhibits rapid response (<100 ms), excellent responsive repeatability, robust

stability and broadband photodetection range from 365 to 625 nm without external bias. Furthermore,

Zn0O/Cu,0 nanofilm photodetector has been also fabricated by changing deposition sequence of ZnO and
Cu,0. The photocurrent of the ZnO/Cu,O nanofilm photodetector is one-fourth of that of the Cu,0/ZnO
nanofilm photodetector. We speculate that it might be attributed to the presence of the whispering-gallery

mode (WGM) resonances in Cu,0/ZnO hybrid nanofilms owing to the higher refractive index of Cu,0,

resulting in enhancing the light trapping and absorption. The high performance of Cu,0/ZnO nanofilm

photodetector indicates that the Cu,O/ZnO hybrid nanofilms on SWNTs-based conducting substrates are

suitable for mass production and application as high-sensitivity, fast response speed and flexible

UV/visible photodetectors.

Introduction

Pure ZnO, with a wide band gap of ~3.37 eV, is only feasible
for photodetection in the UV range,'” which restricts its potential
applications in photocatalysis, photovoltaics and photosensors
with a broad optical spectral sensitivity. Many attempts have been
made to introduce intermediate band gap states in ZnO, including
doping with carbon,®'® sulphur,'" or nitrogen,'*'* to extend the
optical absorption of ZnO into visible light. However, it requires
synthesizing at high temperature, complicated process control,
and rigorous conditions.

Cuprous oxide (Cu,O) is a natural p-type semiconductor and
its band gap was reported to be 1.9-2.2 eV,'*'® which can be
photoexicited in UV-visible spectral region. It is one of the most
studied metal oxides for solar cells,'”"’ photocatalysts,2*?'
photosensors,?** and photoeletrochemical (PEC) applications,**
26 because of its high optical absorption coefficient, nontoxicity,
abundant availability and low production cost. It is believed that
coupling ZnO with Cu,O can improve the photoresponse of the
visible photocatalysis and facilitate the charge separation, and
hence enhance the photocatalytic performance.® A few studies of
Zn0/Cu,0 heterojunction have been reported for photovoltaic,'”
photocatalytic,”**” and photosensitive®®*’ applications.

Single-walled carbon nanotubes (SWNTs) have exceptional
conductivity, high carrier mobility and high mechanical strength.
Consequently, SWNT thin films are explored as an alternative to
indium tin oxide (ITO) for electronic and optoelectronic
applications.*®*' Apart from exceptional conductivity, excellent
flexibility and optical transparency, SWNT thin films exhibit
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hollow structure with tube-tube junction, which can improve
sensing applications owing to high specific surface area.

In our present work, a flexible photodetector based on
Cu,0/Zn0O hybrid nanofilms, was reported for the first time by
depositing ZnO and Cu,0O on SWNTs-based PET by a two-step
sputtering process. The Cu,0/ZnO nanofilm photodetector
demenstrated fast, reversible and stable photoresponse
charateristics under UV/visible illumination without external bias.
By changing the deposition order of ZnO and Cu,O, the
ZnO/Cu,0 nanofilm photodetector were fabricated, which also
exhibted excellent UV/visible photoresponse. However, it was
found that the Cu,O/ZnO nanofilm photodetector could produce
much stronger photocurrent as compared to the ZnO/Cu,O
nanofilm photodetector in the same condition. It can be attributed
to forming of the whispering-gallery resonant modes in
Cu,0/Zn0 hybrid nanofilms owing to the higher refractive index
of Cu,0, resulting in enhancing the light trapping and absorption,
and hence stronger photoresponse was obtained in Cu,O/ZnO
nanofilm photodetector. These results indicate that the Cu,0O/ZnO
hybrid nanofilms are highly promising candidates for applications
in high-sensitivity, fast response speed and flexible
photodetectors with broad band photoresponse.

Experimental section

Preparation and characterization of Cu,0/ZnO nanofilms on
SWNTs-based flexible PET

The SWNTs were dispersed in deionized (DI) water by
sonication with the aid of surfactant (1% solution of sodium
dodecyl sulfate (1 mg/ml)). Then a piece of PET sheet of 100 pm
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thick was processed by oxygen plasma for 20 min. After oxygen
plasma surface treatment, the SWNTs dispersion was coated onto
the PET sheet with stainless steel rods.

The SWNTs-based PET sheet was then used as the substrates
for depositing Cu,0O/ZnO nanofilms by radio-frequency (RF)
magnetron sputtering at room temperature. The sputtering was
carried out at an RF power of 70 W. The working pressure is 0.8
Pa. ZnO layers were deposited by sputtering ZnO target of 99.99
% purity with 10 standard cubic centimeters per minute (sccm)
Ar flow. Cu target of 99.99 % purity, Ar sputtering gas (8 sccm)
and O, reactive gas (2 sccm) were used for the deposition of
Cu,0 layers. The thickness of ZnO and Cu,O layers were about
50 nm each. Finally, a 20-nm thick ITO conductive layer was
deposited as the top electrode using electron beam (E-beam)
evaporation.

The surface morphologies of the as-prepared products were
characteriazed with a field emission scanning electron
microscopy (FESEM, JEOL, JSM-7600F). The crystalline
structures of the samples were determined by using a x-ray
diffractometer (XRD, PANalytical EMPYREAN). The optical
absorption spectra of the films were measured by a UV-Vis
spectrophotometer  (Shimadzu UV-2450). The chemical
composition was analyzed by X-ray photoelectron spectroscopic
(XPS, KRATOS, AXIS ULTRA) with a monochromated AlKa
(1486.7 eV) X-ray source at a power of 150 W (15 kV x 10 mA).
The spectra were corrected by referencing the binding energy to
the Cls peak at 284.6 eV.

Electrical and photoelectrical characterization

The measurement of electrical and photoelectric properties of
the devices were conducted using a CHI 760 electrochemical
workstation with two-electrode configuration by short-circuiting
the auxiliary and reference electrodes together. High quality 5050
single color SMD LEDs were used as light source. For each color
of LED lights, one-meter LED strip (60 units) was cut into 10
pieces and parallelled together on a flat panel (10 cm x 10 cm).
The light intensity of the homemade LED light panels were
characterized by Pyranometer CMP6 (Kipp & Zonen) at a special
distance between the light and the device (See Table S1).

Results and discussion

Fig. 1a and d show the low and high magnified SEM images of
the SWNTs-coated PET sheet. As the carbon nanotube dispersion
was coated on the PET sheet, the nanotubes were intertwined
together to form a network, as clearly seen from the magnified
image (Fig. 1c). As carbon nanotubes are conductive, it is
indicated that a conductive 2D network was formed on the
flexible PET sheet. The sheet resistance is 20-200 kQ/square and
its transmittance is about 95%.%%*? After 50-nm ZnO deposition,
the carbon nanotubes were covered with ZnO nanocrystallines,
resulting in formation of the ZnO/SWNTs hybrid nanofilms (Fig.
1b and e). From the enlarged SEM image in Fig. le, the ZnO
nanocrystallines are with sizes of 20-30 nm. Before depositing
Cu,0, it can be clearly seen that there were many gaps existed in
the ZnO/SWNTs hybrid nanofilms. However, after 50-nm Cu,O
deposition, no much grid mesh was left and the net wires became
much thicker (Fig. lc and f). As shown in Fig. 1f, the Cu,O
nanocrystallines were with sizes of 20-30 nm. It is expected that
the absorption edge of Cu,0 is about 2.04 eV as equal to that of
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bulk Cu,O when the nanoparticle size is larger than 20 nm.*® The
optical absorption edge of 2.04 eV indicates that Cu,O can be
well excited in the visible light (<600 nm). Fig. 1g depicts the
optical image of the flexible PET sheet with Cu,0/ZnO/SWNTs
nanofilms. As introduced in experimental part, the PET sheet was
treated by oxygen plasma before coating carbon nanotube film on
it. It is believed that oxygen plasma surface treatment can assist
in creating chemically active functional groups, such as amine,
carbonyl, hydroxyl and carboxyl groups, to improve interfacial
adhesion of PET with carbon nanotubes. Moreover, carbon
nanotubes are inherently flexible, strong, and chemically
resistant. After depositing Cu,O/ZnO layers, the change of the
SWNTs  network is  insignificant. =~ Therefore, the
Cu,0/ZnO/SWNTs nanofilms are mechanical flexible and robust.

XRD measurements were conducted to investigate the
compostion of the resultant samples as shown in Fig. 2. The
diffraction peaks at 20 ~25.9° are attributed to the PET substrate.
It is known that the charateristic peak of SWNTs is around 43.42°
and indexed (100), originating from the graphene nature of
SWNTs.** As shown in Fig. 2b, a weak peak around 43° can be
identified in SWNTs-coated PET sheet, indicating the exsistance
of SWNTs. After dopesiting ZnO on SWNTs-coated PET, the
peak of ZnO (002) can be observed at ~34.2° as displayed in Fig.
2c. After Cu,O depostion, as shown in Fig. 2d, the diffraction
peaks at 36.5° and 42.6° were observed, which can be assigned to
the (111) and (200) planes of Cu,0.2**

The XPS measurement was carried out to evaluate the surface
compositions of the samples. A typical XPS survey spectrum
demonstrates the existence of Cu, Zn, O and C in the
Cu,O/ZnO/SWNTs nanofilms, as shown in Fig. 3a. The Cu 2p
XPS spectrum presented in Fig. 3b shows the peaks of Cu 2p;),
and Cu 2p,), are located at 932.7 and 952.6 eV, respectively,
which can be assigned as the contributions of the monovalence
copper.’***% That result indicates Cu 2p in Cu,O phase.
Meanwhile, the peaks of Cu 2p at 961.2 and 942.7 eV were
observed, indicating the slight oxidation of some Cu(I) ions on
the surface layer of the Cu,O nanoparticles as the previous
reports.”>* Fig. 3¢ displays Zn 2p3/2 and Zn 2p1/2 states with
the binding energies aound 1020.5 and 1043.6 eV, respectively,
which is assigned to the Zn>" in ZnO. The peak of O 1s shown in
Fig. 3d indicates O is contributed from Cu,O and ZnO layers.

The Cu,0/ZnO hybrid nanofilms were prepared on SWNTs-
based PET via two-step RF magnetron sputtering, as
demonstrated in Fig. 4a. A 50-nm ZnO layer (yellow) was first
deposited on SWNTs-based PET, and the carbon nanotubes
(black) was covered with ZnO. Then, a 50-nm Cu,O (orange)
layer was deposited in sequence, and the ZnO/Cu,O hybrid
nanofilms were fabricated on SWNTs-based PET. Followed ITO
(transparent) deposition using E-beam evaporation, that is, a
photon sensitive device with ITO/Cu,0/ZnO/SWNTs structure
was built with the SWNTSs network as source electrode and ITO
layer as drain electrode. Silver pastes were then used to connect
the two electrodes with the external circuits.

Fig. 4b shows the current—voltage (I-V) characteristics of the
Cu,0/ZnO photodetector under dark condition. It is noted that the
I-V curve is quasi-symmetric with an inferior rectification
characteristic. As the negative bias was increased, the leakage

us current was increased as well, indicating the existence of
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interfacial defects in the Cu,0O/ZnO hybrid nanofilm.”* The
quasi-symmetric behavior’® demonstrates unrestricted free
carriers transfer at the Cu,O/ZnO interface.

To test the photoresponse of the Cu,0/ZnO hybrid nanofilms
for UV-visible spectral region, four types of monochromic LEDs,
were used as light sources, spectral peaks at 365, 425, 525 and
625 nm, respectively. Without applied bias, as shown in Fig. 4c,
the typical photocurrents can be generated under UV and visible
illuminations, indicating that the device can be operated as a
photovoltaic cell and no external power needed for photoreponse.
It is noted that the Cu,O/ZnO photodetector can produce very
stable photocurrent, indicating excellent photoresponsive
reversibility and stability. ~ Fig. 4d presents the photocurrent
transient measurement by periodically switching on and off the
white LED lights with different power intensities in the absence
of external bias. It can be seen that the photoresponsivity, defined
as the ratio of the current under the illumination to that under the
dark, can reach 520, which is a significant increase of 3000%
compared to the result presented in a recent report.>’ Along with
the increase of light power intensities, the photocurrents were
increased as well, and the photocurrent is linearly proportional to
the light intensity (I=4.54P + 2.03, where I is photocurrent, and P
is the light power intensity) as indicated in Fig. S1. This indicates
that the enhanced photogenerated electron-hole pairs can be
efficiently separated at the interface of the Cu,O/ZnO hybrid
nanofilms, which is a significant mechanism for achieving high
sensitivity and quick response for the photodetectors. Fig. 4e
shows the photoresponse dynamics, the rising and decaying rates
of the photocurrent are pretty rapid, and faster than the limit of
the present measurement setup (100 ms). This photoresponse is
faster than that of most other photodetectors.*™!*2%2

Furthermore, a comparison experiment was carried out via
switching ZnO and Cu,O deposition order on SWNTs-based
PET. Then an ITO layer was deposited as drain electrode, i.c.,
ITO/ZnO/Cu,O/SWNTs structure was built for photosensitive
detection as shown in Fig. 5a. In the same testing conditions, as
displayed in Fig. 5b, c, it is interesting to find that the
photocurrents of the ZnO/Cu,O nanofilm photodetectors were
minus and opposite to that of the Cu,0/ZnO nanofilm
photodetector. The charge transfer and transport process in the
hybrid nanofilms can be understood from the energy level
diagrams as illustrated in Fig. 6a, b, based on the published
values of conduction band (CB) edge and valence band (VB)
edge positions for SWNTSs,*** 7n0,'%* Cu,0,** and I1TO.*
For the Cu,0/ZnO hybrid nanofilms, p-n junction formed at their
interface and the band alignment could facilitate the electron
transport from the conduction band of Cu,O to the conduction
band of Zn0.** So it is easy to understand that the
photocurrents of the photodetectos with ITO/Cu,0/ZnO/SWNTs
structure was totally opposite to that of the photodetectos with
ITO/ZnO/Cu,O/SWNTs Apart from generating
opposite photocurrents, illuminating the devices upon various
LED lights without applied bias, as shown in Fig. 4c, d, and Fig.
5b, ¢, both ZnO/Cu,O and Cu,O/ZnO nanofilm photodetectors
demonstrate  fast, reversible and stable photoresponse
charateristics under the UV/visible illumination. Moreover, as
shown in Fig. S1, the photocurrent in the ZnO/Cu,O nanofilm
photodetectors is almost linearly proportional to the light

structure.

60

3
73

©
S

100

1

=3
S

110

115

intensity upon the white LED irradiation as well. The relationship
of the photocurrent vs. the light intensity can be expressed as for
ZnO/Cu,0: 1=1.21P-0.57; whilst for Cu,0O/ZnO: [=4.54P + 2.03,
where 1 is photocurrent, and P is the light power intensity. The
linear slope can reflect the photoresponsivity to a certain extent.
That is, the photoresponse of the Cu,0/ZnO nanofilm devices is
much stronger than that of the ZnO/Cu,O nanofilm devices.

In addition, the photoresponse performance of the ZnO/Cu,0O
nanofilm photodetector was inferior to that of the Cu,O/ZnO
nanofilm photodetector, although it was much stronger than that
of the Cu,O nanofilm photodetector (see Fig. S1). The
photocurrent of the Cu,O/ZnO photodetector is almost four-fold
of that of the Cu,O/ZnO photodetector under irradiation at the
same intensity. For example, under white LED irradiation at the
light intensity of 28.7 mW/cm® the ZnO/Cu,O nanofilm
photodetectors can only produce photocurrents of 35.10 nA as
shown in Fig. Sc, compared to that of the Cu,0/ZnO
photodetector 131.86 nA (Fig. 4d). Only changing the deposit
order of ZnO and Cu,O, the photoresponse exhibited such
obvious differences. Regarding to the effect of the deposition
sequences of ZnO and Cu,O, one similar finding has been
reported by Akimoto at el.'’ suggesting that the devices with
Cu,O deposited on ZnO was expected to have the similarity of
the atomic arrangement and lower defect densities in the interface
between ZnO and Cu,O. Recently, it is reported that embedding
low-index absorptive inclusions in a high-index medium can
significantly enhance light absorption beyond the upper limit of
4n’/sin’e , where n is the refractive index, and 0 the angle of the
emission cone in the medium surrounding the cell.** The
refractive index of Cu,O prepared by reactive sputtering is 2.8-
3.4 in the visible range,* while ZnO has a lower refractive index
(n=2.0-2.4).* As shown in Fig. 4a, the low-index absorptive ZnO
was included in the high-index Cu,O, so the light absorption of
the Cu,O/ZnO hybrid nanofilms would be remarkably enhanced,
resulting stronger photoresponse.  Furthermore, such
phenomena can be also attributed to the presence of whispering
gallery mode (WGM) resonances.*”*® When a higher refractive
index shell layer is located on a lower refractive index core layer
(i.e., ZnS/ZnO*"), the WGM resonances will appear in the active
shell layer, which can dramatically reinforce the light trapping
and absorption. Herein, ZnO, Cu,0, ZnO/Cu,O and Cu,0O/ZnO
nanofilms were prepared on transparent glass slide and UV-vis
absorption spectra were measured ranging from 300 to 800 nm as
shown in Fig. 6¢c. It can be clearly seen that Cu,0/ZnO nanofilm
has strongest optical absorption in the four kinds of nanofilms,
further experimentally confirming that as the Cu,O layer
(external shell) is placed upon the ZnO layer (internal shell), the
light trapping of absorption in the Cu,0/ZnO nanofilm can be
enhanced dramatically. Therefore, it is understood that the optical
absorption and the photocurrent in the Cu,O/ZnO nanofilm are
much stronger than that in the ZnO/Cu,O nanofilm.

in

Conclusions

In conclusion, Cu,0/ZnO hybrid nanofilms were synthesized
on SWNTs-based flexible conducting PET sheet by a simple two-
step RF sputtering deposition. The obtained Cu,0/ZnO hybrid
nanofilms exhibited fast response (<100 ms), excellent responsive
repeatability, robust stability and broadband photodetection range
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from 365 to 625 nm. Meanwhile, by changing deposition
sequence of ZnO and Cu,O, the ZnO/Cu,0 nanofilm
photodetectors were fabricated, which also demenstrated fast,
reversible and stable photoresponse charateristics under the
UV/visible illumination. However, the photocurrent of the
ZnO/Cu,O nanofilms was inferior to that of the Cu,O/ZnO
nanofilms under the same irradiation. It can be attributed to the
appearance of the WGM resonances due to the higher refractive
index of Cu,O (external shell) in Cu,O/ZnO hybrid thin films,
resulting in the enhancement of the light trapping of absorption.
This present work provides a simple feasible and reproducible
mehtod for fabricating high-performance flexible UV/visble
photodetectors without power consumption.
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Figure Captions

Fig. 1. SEM images of (a and d) SWNTs-coated PET sheet, (b and e) ZnO/SWNTs hybrid nanofilms, and (¢ and f) Cu,0/ZnO/SWNTs
s hybrid nanofilms at different magnifications. (g) Optical image of the flexible PET sheet with Cu,0/ZnO hybrid nanofilms.

Fig. 2. The XRD patterns of (a) pristine PET sheet, (b) SWNTs-coated PET sheet, (¢) ZnO/SWNTs hybrid nanofilms, and (d)
Cu,0/ZnO/SWNTs hybrid nanofilms.

10 Fig. 3. (a) Survey XPS spectrum, and (b-d) Cu 2p, Zn 2p and (d) O 1s core evel XPS spectra of the Cu,0/ZnO/SWNTs hybrid nanofilms.

Fig. 4. (a) Schematic diagram illustrating the photodetector fabrication procedure of the Cu,0/ZnO hybrid nanofilms on SWNTs-based
PET. (b) I-V characteristics of the Cu,O/ZnO photodetector with ITO/Cu,O/ZnO/SWNTs structure under dark condition. (c¢) Time-
resolved photoresponse of the device upon four monochromic LED lights without applied bias. The LED lights used here are UV (365

1s nm, 0.3 mW/em?), blue (425 nm, 3.2 mW/cm?), green (525 nm, 6.9 mW/cm?) and red (625 nm, 2.3 mW/cm?). (d) Time-resolved
photoresponse of the device upon different intensities of white LED lights without applied bias. (e) Enlarged portion of one photocurrent
rising and reset under white LED illumination of 28.7 mW/cm®.

Fig. 5. (a) Schematic diagram illustrating the photodetector fabrication procedure of the ZnO/Cu,O hybrid nanofilms on SWNTs-based

20 PET. (b) Time-resolved photoresponse of the device upon four monochromic LED lights without applied bias. The LED lights used here
are UV (365 nm, 0.3 mW/cm?), blue (425 nm, 3.2 mW/cm?), green (525 nm, 6.9 mW/cm?) and red (625 nm, 2.3 mW/cm?). (c) Time-
resolved photoresponse of the device upon different intensities of white LED lights without applied bias.

Fig. 6. Energy level diagrams with respect to vacuum level for the photodetectors with the structure of (a) ITO/Cu,0/ZnO/SWNTs, and
25 (b) ITO/ZnO/Cu,O/SWNTs. (¢) UV-vis absorption spectra of ZnO, Cu,0, ZnO/Cu,O and Cu,0/ZnO nanofilms.
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Fig. 1. SEM images of (a and d) SWNTs-coated PET sheet, (b and ¢) ZnO/SWNTs hybrid nanofilms, and (¢ and f) Cu,O/ZnO/SWNTs
s hybrid nanofilms at different magnifications. (g) Optical image of the flexible PET sheet with Cu,0/ZnO hybrid nanofilms.
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10 Fig. 2. The XRD patterns of (a) pristine PET sheet, (b) SWNTs-coated PET sheet, (¢) ZnO/SWNTs hybrid nanofilms, and (d)

Cu,O/ZnO/SWNTs hybrid nanofilms.
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Fig. 3. (a) Survey XPS spectrum, and (b-d) Cu 2p, Zn 2p and (d) O 1s core evel XPS spectra of the Cu,0/ZnO/SWNTs hybrid nanofilms.
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Fig. 4. (a) Schematic diagram illustrating the photodetector fabrication procedure of the Cu,O/ZnO hybrid nanofilms on SWNTs-based
PET. (b) I-V characteristics of the Cu,O/ZnO photodetector with ITO/Cu,O/ZnO/SWNTs structure under dark condition. (c¢) Time-
resolved photoresponse of the device upon four monochromic LED lights without applied bias. The LED lights used here are UV (365
snm, 0.3 mW/cm?), blue (425 nm, 3.2 mW/cm?), green (525 nm, 6.9 mW/cm?) and red (625 nm, 2.3 mW/cm?). (d) Time-resolved
photoresponse of the device upon different intensities of white LED lights without applied bias. (e) Enlarged portion of one photocurrent

rising and reset under white LED illumination of 28.7 mW/cm’.
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Fig. 5. (a) Schematic diagram illustrating the photodetector fabrication procedure of the ZnO/Cu,O hybrid nanofilms on SWNTs-based
PET. (b) Time-resolved photoresponse of the device upon four monochromic LED lights without applied bias. The LED lights used here

are UV (365 nm, 0.3 mW/cm?), blue (425 nm, 3.2 mW/cm?), green (525 nm, 6.9 mW/cm?) and red (625 nm, 2.3 mW/em?). (c) Time-
s resolved photoresponse of the device upon different intensities of white LED lights without applied bias
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Fig. 6. Energy level diagrams with respect to vacuum level for the photodetectors with the structure of (a) ITO/Cu,0/ZnO/SWNTs, and
10 (b) ITO/ZnO/Cu,O/SWNTs. (¢) UV-vis absorption spectra of ZnO, Cu,0, ZnO/Cu,0 and Cu,O/ZnO nanofilms
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