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High-performance self-powered ultraviolet
photodetector based on a ZnO/CuPc inorganic/
organic heterojunction

Lingling Chu, 2 Chao Xu,* Zhengping Li and Chao Nie

A self-powered photodetector (PD) based on n-type ZnO/p-type small-molecule copper(i) phthalocyanine
(CuPc) inorganic/organic heterojunction film deposited on FTO substrate was constructed by simple
solution spin-coating and thermal evaporation technology. The designed heterojunction device exhibits
typical photoresponse behavior under zero bias, indicating that the device possesses a self-powered
characteristic. This may benefit from the formation of a built-in electric field in the heterojunction, which
can effectively separate electron—hole pairs. Specifically, the optimal performances of the device appear
at a wavelength of 365 nm and light intensity of 0.03 mW cm™2, achieving on/off ratio of ~245.88
(29.88), responsivity (R,) of ~227.11 mA W' (0.39 mA W1), detectivity (D*) of ~7.63 x 10™ Jones (~7.53
x 10° Jones) and EQE of ~77.23% (0.14%) at +2 V (0 V) bias voltage. In addition, the device has potential
application in weak light detection. Therefore, the construction of inorganic/organic heterojunctions
may provide a feasible strategy for the development of high-performance, self-powered and

rsc.li/rsc-advances wavelength-selective PDs.

1. Introduction

Recently, heterojunctions formed by semiconductor materials
of different types have been widely applied in common photo-
voltaic devices, such as PDs," solar cells* and other photoelectric
conversion devices.? This is mainly due to the formation of an
internal electric field at the heterojunction interface that can
regulate internal charge carriers, effectively separate electron—
hole pairs and facilitate the transport of the carriers in devices
based on such heterojunctions.* Unfortunately, pure organic or
inorganic semiconductors have some inherent defects that
degrade optoelectronic performance or limit application range.
Therefore, effective solutions, such as the construction of het-
erojunctions consisting of organic/inorganic semiconductors,
demonstrating advantages in improving carrier migration and
reducing recombination rate, have been proposed. Further-
more, this is beneficial for the development and application of
high-performance optoelectronic devices. Especially, high-
performance optoelectronic devices constructed with hetero-
junction structures composed of p-type organic semiconductors
and n-type inorganic semiconductor materials have received
widespread attention from researchers.

Among numerous inorganic semiconductor materials, ZnO
is widely used in various microelectronic devices such as opto-
electronic conversion and piezoelectric devices. For example,
ZnO has been applied in UV detection devices due to some

School of Integrated Circuits, Anhui University, Hefei 230601, China. E-mail:
graymagpie@163.com

© 2024 The Author(s). Published by the Royal Society of Chemistry

important characteristics, such as wide bandgap (~3.32 eV),
high exciton binding energy (~60 meV) and high photocon-
ductivity.>® To be more convenient for serving people's daily
lives concerning ZnO-based optoelectronic devices, higher
requirements for high-performance ZnO-based optoelectronic
devices have been proposed, such as high on/off ratio, R, and
D*. Therefore, to promote the application of n-type semi-
conductor materials in optoelectronic devices, implementing
effective solutions to further study and optimize the perfor-
mance is necessary. Previously reported have been transition
metal element doping (Cu, Co, Mn, Ni and Fe),® coating UV-
sensitive polymers to modify the surface of nanostructures
(such as polyacrylonitrile and polystyrene sulfate),” constructing
device structures with p-n heterojunctions (common p-type
materials such as poly(9,9-dihexylfluorene); Spiro MeOTAD;
polyaniline (PANI) and copper thiocyanide (CuSCN)) and post-
treatment for devices.® In addition, accelerating the charge
transfer to the electrode and avoiding carrier recombination are
nonnegligible problems that need to be considered in the
design of optoelectronic device structures. Therefore, to build
a p-n junction to adjust carrier transport is particularly
important.>*® Materials like phthalocyanines (Pcs) were proven
to have low molecular weight and flat organic molecular char-
acteristics, showing great potential in the application of opto-
electronic devices.™ A typical p-type organic semiconductor
material, copper phthalocyanine (CuPc), has excellent w7
stacking characteristics and photoresponse, which is often used
as the hole transport layer of optoelectronic devices,'>** such as
solar cells," field effect transistors'™'® and light-emitting
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diodes."” In addition, a CuPc film fabricated by thermal evap-
oration technology exhibits positive stacking characteristics,
high hole mobility, excellent chemical stability, thermal
stability and hydrophobicity.*®*® This also implies that a device
may be able to maintain long-term performance stability in
humid environments, further prolonging the service life of the
device.

In this work, a vertical heterojunction was constructed with
p-type semiconductor CuPc to optimize the performance of an
n-type semiconductor ZnO-based PD. It is believed that the
presence of the CuPc/ZnO vertical heterojunction can facilitate
charge transfer, where the CuPc film was deposited on the
surface of ZnO through thermal evaporation technology. Addi-
tionally, the PD based on CuPc/ZnO vertical heterostructure
exhibits a typical self-powered characteristic and achieves
excellent optoelectronic performances. Specifically, low dark
current (7.84 x 10~ '° A) and high photocurrent (6.09 x 10~ ° A),
R, (227.11 mA W), D* (7.63 x 10" Jones) and EQE (77.23%)
can be obtained. This result implies the possible potential of
organic/inorganic semiconductor hybrid structures in the field
of optoelectronic devices.

2. Experimental details
2.1 Preparation of ZnO film

First, FTO glass is pretreated by ultrasonic cleaning with
acetone, alcohol and distilled water for 10 min each. Then,
residual water on the surface is blown away with nitrogen gas.
Finally, the as-cleaned FTO glass is treated using plasma
equipment for 15 min to improve the hydrophilicity and surface
adhesion for film formation. The preparation method of ZnO
has been proposed in previous reports.>® In brief, this involves
dissolving zinc acetate in ethanol (40 mM) and continuously
stirring until the solution becomes transparent, then coating
the as-prepared solution on the as-treated FTO conductive glass
using spin coating technology (2000 rpm; 1 min). Additionally,
annealing treatment is necessary (150 °C; 10 min). Finally,
samples were annealed in a muffle furnace to obtain a high-
quality ZnO film (250 °C; 1 h).

2.2 Preparation and characterization of device

The preparation method of the CuPc film has been proposed in
previous reports. Purchased CuPc powder (sublimed grade, dye
content 99%) is placed in a high-temperature-resistant tungsten
boat, and the CuPc film is deposited on the as-prepared ZnO
film via thermal evaporation. The basic pressure in the evapo-
ration chamber is less than 4 x 10~* Pa, the control current is
~75-80 A, the deposition rate is =0.2-0.4 A s™!, and the
deposition time is =15 min. The final visible blue film is
covered on the surface of the ZnO film. For electrode produc-
tion, a silver slurry with a diameter of ~1-2 mm is dropped onto
the CuPc film as the top electrode, and the FTO conductive glass
is used as the bottom electrode. The photosensitive area of the
device is ~0.09 cm®. Subsequently, the complete device was
placed in a vacuum oven to dry the silver paste electrode (60 °C;
3 h). Morphological characterization of the CuPc film coated on
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the ZnO film was conducted using SEM technology (TESCAN
MIRALMS). The absorption of the material was tested using
a UV visible near-infrared spectrophotometer (U-4100). The
photoelectric testing equipment of the device consists of a light
source (xenon arc lamp (Newport) and a monochromator) and
a source meter (Keysight B2901A precision source/
measurement unit).

3. Results and discussion

The PD based on the ZnO/CuPc vertical heterojunction is
mainly manufactured through spin coating and thermal evap-
oration and served as the photosensitive layer of the device. The
Ag slurry is deposited on the CuPc film, and the bottom
conductive glass substrate provides a conductive channel,
which can collect the injected photogenerated carriers. The
complete device structure is shown in Fig. 1(a). Additionally,
Fig. 1(b) shows the generation and transfer process of the
carriers in the entire device under light radiation. It can be seen
that due to the absorption of high-energy photons, electrons in
the valence band of ZnO and CuPc are excited to reach the
conduction band as photogenerated carriers, enriching the
types of carriers and further increasing the carrier concentra-
tion of the device.”>** Therefore, the performances of devices
based on ZnO are significantly improved by utilizing the intro-
duction of CuPc. Importantly, once reaching thermal equilib-
rium condition, an interface depletion region will be formed in
the heterojunction structure composed of p-type CuPc and n-
type ZnO, and the built-in electric field formed will bend the
energy band at the interface, ultimately providing motivation
for carrier transport. Driven by the electric field, electrons
located in the conduction band of CuPc can flow to ZnO, while
holes in the valence band of ZnO can move towards CuPc,
reducing the recombination rate of electron-hole pairs and
accelerating the collection of carriers at the electrode.”*** On the
contrary, without external light radiation, the built-in electric
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Fig. 1 (a) Schematic diagram of the photodetector based on the

CuPc/ZnO organic/inorganic hybrid vertical heterojunction. (b) Energy
level distribution of CuPc/ZnO. (c) Comparison of dark and light
current of the device. (d) Time-dependent current curves of the device
atO0Vand +2 V.
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field at the interface will prevent the transfer of carriers to
electrodes, leading to the generation of low dark current. The
typical self-powered photoresponse characteristics of the CuPc/
ZnO heterojunction PD (PDgp) are shown in Fig. 1(c and d).
Based on test results, the measured dark current of the device is
about 2.48 x 10 % A (7.84 x 10 '° A) at +2 V (0 V). However, once
the device is exposed to light with a wavelength of 365 nm and
intensity of 7.57 mW cm ™2, the photocurrent of PDp increases
sharply, reaching about 6.09 x 107 ® A (2.34 x 10 ® A)at +2 V (0
V). The same phenomenon is found in the time-dependent
photoresponse cycle test results (Fig. 1(d)).

In addition, the morphology and optical properties of the
photosensitive layer were investigated, as shown in Fig. 2. To
fully demonstrate the morphology of the ZnO/CuPc film, the top
and cross-sectional morphology of the sample were character-
ized using SEM technology, as shown in Fig. 2(a and b).
According to the top view (Fig. 2(b)), it can be observed that
dense and uniform CuPc nanoparticles are tightly connected to
form a CuPc film, which may be beneficial for carrier transport.
Specifically, the size of the CuPc nanoparticles was measured to
be approximately 31.25 nm. The cross-sectional SEM image of
the ZnO/CuPc layer is shown in Fig. 2(a). According to this
image, the sectional morphology of ZnO and CuPc films can be
clearly seen, and the thicknesses of ZnO and CuPc films were
measured to be approximately 661.93 nm and 159.24 nm,
respectively. Fig. 2 (b-1-b-5) describes single element mapping
of C, N, Cu, O and Zn atoms in the as-prepared ZnO/CuPc film.
Here, C, N and Cu come from CuPc, while O and Zn come from
ZnO. This implies that the CuPc/ZnO hybrid photosensitive
layer had been successfully prepared. Additionally, the surface
roughness of ZnO/CuPc has an important impact on the
performance of photodetectors based on the ZnO/CuPc

——1n0
ZnO/CuPc|

e 700 il
@ —m= | @
e Z0O/CuPc film)

Absorbance (a.u.)
PL (a.u.)

300 400 500 600 700 800 900 1000 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fig.2 (a) Cross-section and (b) top view SEM images of the ZnO/CuPc
film. (b-1, b-2, b-3, b-4 and b-5) The corresponding elemental phase
maps of the ZnO/CuPc film. (c) AFM image of the ZnO/CuPc laminated
film. (d) Absorbance of ZnO, CuPc and ZnO/CuPc films. (e) PL spectra
of ZnO and ZnO/CuPc films.
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heterojunction structure. According to a previous report,* Tran
et al. demonstrated that the reduction the ZnO surface rough-
ness and ZnO nanoparticle size not only promotes the transport
of the photogenerated carriers but also increases the charge
lifetime of ZnO. The fact that the particle size of CuPc is almost
uniform was also confirmed by the AFM result, as shown in
Fig. 2(c). According to the test results of ZnO/CuPc film, the
surface roughness of the film can also be determined to be
approximately 3.84 nm. From a previous experiment, we can
obtain a surface roughness of approximately 3.02 nm for the
ZnO film. The AFM results revealed that the surface roughness
of ZnO increased from 3.02 nm to 3.84 nm with the incorpo-
ration of CuPc. Moderately increasing surface roughness can
enhance surface light scattering and the ability of the photo-
sensitive layer to capture incident photons, which can increase
luminous flux and improve the production efficiency of photo-
generated electron hole pairs. Fig. 2(d) shows the UV visible
absorption of the ZnO film deposited on FTO substrates, the
CuPc film and the CuPc/ZnO heterojunction film. For ZnO, the
maximum absorbance can be obtained at a wavelength of
~344 nm. Moreover, the absorption spectrum of the CuPc film
(Fig. 2(d)) shows two obvious absorption edges located at
~622 nm and 694 nm, which are called Q-bands, originating
from the electron conversion of m-m***” However, the hybrid
film formed by the combination of ZnO and introduced CuPc
not only improves the absorption but also broadens the range of
absorption spectra. This suggests that the hybrid film may be
applicable in the manufacturing of broadband optoelectronic
devices. The photoluminescence (PL) test results of the three
films are shown in Fig. 2(e). Compared with the original ZnO
film, the intensity of ZnO/CuPc laminated film reduces signifi-
cantly, indicating that the introduction of CuPc can effectively
suppress the recombination of photocarriers in ZnO film.
Based on the above discussion, the research work achieved
the goal of improving the performance of a ZnO-based PD by
utilizing the p-n junction structure established by introducing
CuPc organic small molecules. Subsequently, the voltage-
dependent photocurrent of the device was determined using
optoelectronic testing equipment, as shown in Fig. 3(a). An
increased light intensity can increase the photocurrent of the
device, which may be due to the increase of carrier concentra-
tion caused by an increase of the number of photogenerated
carriers. A similar trend is also reflected in Fig. 3(b and c).
According to test results provided in Fig. 3(b and c), it can be
observed that power-dependent on/off ratio and photocurrent
of the device exhibit homologous trends at +2 V and 0 V.
Specifically, taking the device photocurrent under +2 V excita-
tion as an example, under 365 nm UV light, this is ~638.02 nA at

0.03 mW cm ™2, ~725.13 nA at 0.08 mW cm™ 2, ~978.15 nA at

0.24 mW cm™ 2, ~1310.03 nA at 0.41 mW cm ™2, ~1910.30 nA at

0.78 mW cm ™2, ~3250.12 nA at 2.08 mW cm™ 2, ~4410.25 nA at
3.69 mW cm ™2, ~5250.22 nA at 5.11 mW cm ™2, ~5640.53 nA at
6.39 mW cm 2 and ~6097.80 nA at 7.57 mW cm 2. In addition,
Fig. 3(d) shows the time-dependent current curves of PDzp with
on/off characteristics under 365 nm radiation at 0 V bias,
indicating that the device has typical self-powered characteris-

tics. When the light is turned on, the current of the device
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Fig. 3 (a) Dark current and photocurrent of PDzp under 365 nm irra-
diation with external voltage between +2 V. Summary of on/off ratio
and photocurrent at (b) +2 V and (c) O V. (d) Time-dependent
photocurrent of PDzp under 365 nm at O V. (e) Rise/decay time.

increases sharply. Once the light is turned off, the current of the
device gradually decays and returns to the original state, indi-
cating that the device has photosensitivity to light. Further-
more, repeating the operation can reproduce the photocurrent
of PDzp, indicating that the device possesses stable photo-
response characteristics. Rapid photoresponse is one of the
important features in designing high-performance optoelec-
tronic devices. Therefore, rise and decay times in single-cycle
curves were recorded, calculated to be ~3.26 s and 6.32 s,
respectively. Here, the rise time is defined as the time required
to rise from 20% of the maximum photocurrent to 80%, while
the decay time is defined as the time required to decay from
80% of the maximum photocurrent to 20%.

Fig. 4 shows a summary of the performances of PDzp under
+2 Vand 0 V excitation and 365 nm UV radiation (light intensity
variation between 0.03 and 7.57 mW c¢m™?), namely photocur-
rent, R,, D*, EQE and LDR. Fig. 4(a and b) further utilizes the
formula L = AP to explain the correlation between the
photocurrent and light intensity, regardless of whether the bias
voltage is provided, where P represents the excitation intensity
of the external light source, A is a constant at a specific wave-
length, and 6 is also a constant. By fitting, nonlinear
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Fig. 4 Summary of typical performance indicators of PDzp between
0.03and 7.57 mW cm™2at 0 V and + 2 V: (a and b) photocurrent. (a-1,
-b-1) Enlarged view of photocurrent of the device between 0.03 and
0.41mW cm™2. (c) R,, (d) D* and (e) EQE. (f) Variation of LDR towards
different light intensities.
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relationships of Liigne = AP™** and Lgn, = AP™>* can be obtained
under +2 V and 0 V excitation, indicating that an increase of
photon flux can amplify the photocurrent of the device. In
addition, within the same light intensity variation range, R, D*
and EQE of the device exhibit similar enhancement orders. At
awavelength of 365 nm and light intensity of 7.57 mW cm ™%, R,,
of ~227.11 mA W' (0.39 mA W), D* of ~7.63 x 10" Jones
(7.53 x 10° Jones) and EQE of ~77.23% (0.14%) at +2 V (0 V)
bias voltage were achieved. Furthermore, LDR test results of the
device are shown in Fig. 4(f). The LDR of PD,p increases with the
enhancement of light intensity. By fitting, nonlinear relation-
ships of LDR = bP**! (for +2 V) and LDR = bP°** (for 0 V), where
b is a constant, can be obtained. Specifically, under a wave-
length of 365 nm and light intensity of 7.57 mW cm ™2, the LDR
of PDyp is ~47.81 dB at +2 V and 29.51 dB at 0 V.

The test results of wavelength-dependent photocurrent
generated by PD,p under different bias excitation at a light
intensity of 7.57 mW cm ™ are shown in Fig. 5(a). Based on the
data provided in Fig. 5(a), it can be observed that the device
exhibits different photoresponse to different wavelengths.
Similarly, Fig. 5(d) intuitively demonstrates the wavelength
selectivity of the designed device. For example, under an exci-
tation of +2 V bias, the device generates a photocurrent of
~6097.80 nA at 365 nm, ~3580.01 nA at 405 nm, ~63.81.10 nA
at 530 nm, ~1870.05 nA at 625 nm, ~895.12 nA at 730 nm,
~36.21 nA at 880 nm and ~25.82 nA at 970 nm. Therefore, the
enhancement order of the photocurrent under +2 V bias exci-
tation can be described as: 365 nm > 405 nm > 625 nm > 730 nm
> 530 nm > 880 nm > 970 nm. A similar enhancement order is
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Table 1 Comparison of performance parameters of self-powered
photodetectors with different ZnO heterojunctions

Condition R, D*

Device (nm; mW em ™) (mA/W) (10° Jones) Ref.

ZnO/Cu,,0 596 0.28 6.07 28

ZnO/GaN/Si 365; 7 0.2 — 29

ZnO/Ni-CAT 450; 5.7 0.13 — 30

AZO/BFO/PE- 405; 0.5 0.13 69.7 31

DOT:PSS

ZnO/Graphene 365; 2 0.05 — 32

ZnO/CuPc 365; 0.03 0.39 75.3 This
work

exhibited at 0 V. In addition, regardless of the presence or
absence of bias excitation, the on/off ratio and photocurrent
histograms at different wavelengths are shown in Fig. 5(b and
c), also exhibiting the same trend. The results indicate that the
optimal photocurrent and on/off ratio occur at a wavelength of
365 nm. However, once an external bias is applied to the device,
the photocurrent and on/off ratio are further amplified, which
may be due to the external electric field improving the transport
of the charge carriers and effectively avoiding the recombina-
tion of the electron-hole pairs. For example, under the same
intensity and wavelength, a photocurrent and on/off ratio of
~6097.80 nA (23.43 nA) and 245.88 (29.88) at +2 V (0 V) can be
obtained for PDzp. Compared to 0 V, these values have corre-
spondingly increased by ~260.26 and 8.23 times. In addition,
performance indicators related to an optoelectronic device, Ry,
D* and EQE, are shown in Fig. 6. According to test data provided
in Fig. 6(a—c), at 0 V, the maximum R, D* and EQE of PDzp
under a light intensity of 7.57 mW cm ™2 appear at a wavelength
of 365 nm, reaching ~0.03 mA W', 6.28 x 10°® Jones and
0.01%, respectively. However, once a bias voltage is applied to
the device, under same conditions, corresponding values
increase by ~297.00, 47.61 and 303.00 times, respectively,
which are estimated to be ~8.91 mA W™, 2.99 x 10*° Jones and
3.03%.

Table 1 compares the performance parameters of various
self-powered PDs with different ZnO heterojunctions. The
results indicate that under zero bias, the ZnO/CuPc inorganic/
organic heterojunction may be able to achieve high-
performance photodetector construction. In addition,
compared with other heterojunction devices, the hetero-
junction device exhibits weak light detection ability.

4. Conclusion

In summary, the construction of a p—n junction by introducing
organic small molecule CuPc achieved an enhancement of the
photoelectric performance of a ZnO-based PD. This is mainly
due to the formation of a built-in electric field at the hetero-
junction interface that can regulate the internal carriers, effec-
tively separate the electron-hole pairs and accelerate carrier
transport to the electrode. In addition, the deposition of the
CuPc film on the surface of ZnO can modify surface defects.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Based on the above discussion, the ZnO/CuPc vertical
heterojunction-based PD not only possesses a self-powered
characteristic but also exhibits excellent optoelectronic perfor-
mance. Under light radiation with a wavelength of 365 nm and
light intensity of 0.03 mW em™>, the device achieved an on/off
ratio of ~245.88 (29.88), R, of ~227.11 mA W' (0.39 mA
W), D* of ~7.63 x 10" Jones (7.53 x 10° Jones) and EQE of
~77.23% (0.14%) at +2 V (0 V) bias voltage. This difference may
be due to the external bias voltage being able to increase the
transport rate of the carriers to the electrodes and effectively
avoiding carrier recombination. Therefore, the design of the
organic/inorganic heterojunction structure may be applied in
the optimization of the photodetection ability of optoelectronic
devices.
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