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A high performance ultraviolet (UV) photodetector is receiving increasing attention due to its
significant applications in fire warning, environmental monitoring, scientific research, astronomical
observation, efc. The enhancement in performance of the UV photodetector has been impeded by
lacking of a high-efficiency heterojunction in which UV photons can efficiently convert into charges.
In this work, the high performance UV photodetectors have been realized by utilizing organic/inorganic
heterojunctions based on a ZnO nanoflakes/poly (N-vinylcarbazole) hybrid. A transparent conducting
polymer poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate)-coated quartz substrate is employed
as the anode in replacement of the commonly ITO-coated glass in order to harvest shorter UV light.
The devices show a lower dark current density, with a high responsivity (R) of 7.27 x 10> A/W and a
specific detectivity (D*) of 6.20 x 10'* cm Hz"2/W™! at 2V bias voltage in ambient environment
(1.30 mW/cm? at /=365 nm), resulting in the enhancements in R and D* by 49% and one order of
magnitude, respectively. The study sheds light on developing high-performance, large scale-array, flex-

ible UV detectors using the solution processable method. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4961114]

Ultraviolet (UV) photodetectors (PDs) have a wide
range of applications including space communication, non-
destructive testing of materials in industry, flame warning,
UV radiation monitoring in environment, and biological agent
detection.! Compared with the UV PDs based on wide band
gap inorganic semiconductors that widely adopt the structures
of Schottky photodiodes™® and metal-semiconductor-metal
junctions,*” where complicated fabrication processes are
required, UV PDs based on organic semiconductors have the
advantages in terms of the simplicity of fabrication, readily
suitable for large scale production, and low cost.

In recent years, ZnO has been intensively studied due to
its outstanding optical properties which render it suitable for
optoelectronic applications. With a wide direct bandgap of
3.37eV at room temperature, ZnO has been regarded as an
excellent semiconducting material for UV detection. ZnO
materials can be synthesized by pulsed laser deposition,®
radio frequency sputtering,” vapor-liquid-solid growth,® erc.
Recently, solution-processed ZnO has also been extensively
studied because of the low cost and potential for large scale
production. In photovoltaics, colloidal ZnO nanoparticles
have been shown to form bulk heterojunctions with conju-
gated polymers, which can combine the advantages of the
individual component.g’10 However, UV detectors based on
ZnO synthesized by wet chemical techniques usually show
slow photoresponse because of the high density of defects
and the effect of gas adsorption and desorption on the crystal
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surface.!'™"* Compared with the metal-semiconductor-metal
structure that is commonly applied in those detectors,''™"?
p-n junction devices usually demonstrate obvious advantages
over the former one in the high frequency domain.' For
example, Mridha and Basak reported that the ZnO/polyani-
line heterojunction possesses a faster photoresponse to UV
light than the pristine ZnO.'* In this letter, we fabricated ZnO
nanoflakes (NFs)/poly (N-vinylcarbazole) (PVK) hybrid devi-
ces, in which ZnO acts as an electron acceptor and electron
transport material; PVK acts as an electron donor and hole
transport material, in order to explore the feasibility of realiz-
ing fast UV photoresponse based on the solution-processed
heterojunction devices. Although UV detectors applying pol-
yfluorene (PFO) and ZnO nanorod arrays with good perfor-
mance were recently reported,'® ZnO nanoparticles employed
in this work can further increase the interfacial area between
the two hybrid components. Since an internal electric field
exists at the interface of the hybrid, the increase in the interfa-
cial area can allow more excitons generated under irradiation
to diffuse into the interface before recombination and subse-
quently dissociate into free carriers.”'® In addition, this work
demonstrates that the anode using the conducting polymer
poly(3.,4-ethylene-dioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is especially suitable for UV photodetectors
owing to its high transmittance in the UV region, and it has
excellent electrode properties such as high electrical conduc-
tivity, solution processability, and good stability in elevated
temperature. 16-18

In this paper, we fabricated the high performance ZnO
NFs/PVK hybrid UV photovoltaic detector. The optical,

Published by AIP Publishing.
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electrical, and photoelectrical properties of ZnO NFs/PVK as a
photodetector have been systematically investigated to uncover
the underlying mechanism of the strong photoresponse.

Poly(N-vinylcarbazole) (99.5%) was purchased from
Beijing Aglaia Technology Development Co., Ltd. Zinc ace-
tate dihydrate (99%) was purchased from Tianjin BoDi
Chemical Co., Ltd. PEDOT:PSS was purchased from Sigma-
Aldrich. All the chemical reagents were used without further
purification.

The preparation of ZnO nanoflakes was similar to that
of the ZnO nanorods which had been described previously.'”
Briefly, zinc acetate dihydrate (1.475g) was dissolved in
methanol (62.5 ml) under stirring at 60 °C in a reflux appara-
tus. Afterwards, a solution of KOH (0.188 g) dissolved in
methanol (65ml) was injected drop-wise for 45 min. After
refluxing for 5 h at 60 °C, the reaction was quenched by cool-
ing down the solution to room temperature and then was left
in a static condition for two weeks. To precipitate out the
ZnO, 60ml of supernatant methanol was removed and
replaced by fresh methanol. After repeated stirring and pre-
cipitation, the product was centrifuged at 2500 rpm. The iso-
lated precipitate was dissolved in chloroform, using a 1:3
weight ratio of chloroform and ZnO precipitate. The as-
obtained colloidal solution of ZnO NFs was translucent and
had a high concentration of about 120 mg/ml. The solution
was further diluted by adding a binary mixture of chloroform
and ethanol (3:1 volume ratio) under stirring.

The UV organic photodetectors (OPDs) investigated
in this work adopted a structure of Al/ZnO NFs/PVK/
PEDOT:PSS(buffer layer)/PEDOT:PSS(anode)/quartz. The
fabrication process is schematically shown in Fig. 1(a).The
quartz substrate was pre-cleaned in an ultrasonic bath with
ethanol, acetone, and deionized water for 15min sequen-
tially. Before fabrication, a highly conductive PEDOT:PSS
(CLEVIOS PH1000) used as the anode layer was prepared
according to the method described previously.”’ PVK was
dissolved in chloroform with a concentration of 10 mg/ml
and the solution was spin-coated onto the PEDOT:PSS
buffer layer at 2500 rpm; then, the films were baked in a vac-
uum oven for 1h at 100°C. ZnO NFs (120 mg/ml) were
spin-coated onto PVK at 1500 rpm. Then, films were baked
in a vacuum oven for 2 h at 80 °C. The Al cathode was subse-
quently deposited onto the ZnO layer by thermal evaporation
through a shadow mask at a pressure of 8.2 x 107> Pa. The
thickness of the Al cathode was 110 nm, which was moni-
tored by a quartz oscillator during deposition and the deposi-
tion rate was controlled at 2.5 nm/s. The effective area of the
devices was 4.0 mm?.

Control devices with the structure Al/ZnO NFs/PVK/
PEDOT:PSS(buffer layer)/ITO/glass were also fabricated,
which have the same structure as the devices mentioned above,
except that the PEDOT:PSS anodes were replaced by the con-
ventional ITO glasses to compare the UV detecting perfor-
mance. The control devices were designated as ITO-device
throughout the manuscript. The structure of the ITO-device is
schematically shown in Fig. S1 in the supplementary material.

To investigate the performance of the ZnO NFs/PVK
hybrid in UV detection, the vertical photovoltaic detectors
have been fabricated with the procedure described in
detail above. The cross-sectional image of the device was

Appl. Phys. Lett. 109, 073103 (2016)

“ 4

2000 rpm, 30 s Y

=

Drying @ 100°C
for 2 hr

(a) IQ 1500 rpm, 60 s

=

Drying @ 80°C
for 1 hr

PEDOT:PSS
(PH1000)

for 1 hr
- g
2500 rpm, 30 s

Drying @ 100°C

1500 rpm, 60 s

-

Drying @ 80°C

Yb Deposition of
Al film

for 2 hr
BN Quartz I PEDOT:PSS W ZnO
Photodetector PEDOT:PSS
| (PH1000) N rvk Al
(b) . (c)r—2ev

Al 102 nm

-
ZnO(NFs) 258 nm
L e

. PEDOT

&) ® 0 ;s
E\=-7.5eV

ZnO

FIG. 1. (a) Schematic diagram illustrating the fabrication process of the
UV photovoltaic detectors. (b) The SEM cross-sectional image of the
detector, scale bar: 500 nm. (c¢) The energy level diagram of the ZnO NFs/
PVK hybrid.

characterized by a scanning electron microscope (SEM,
Hitachi S-3400N) as shown in Fig. 1(b). From the figure, the
thicknesses of each layer in the device can be estimated. The
PEDOT:PSS layer, used as the buffer layer in the control
device, was 71 nm thick. The active layer consisting of PVK
and ZnO NFs is of 82nm and 258 nm thick, respectively.
The energy level diagram of the hybrid is illustrated in
Fig. 2(c). PVK is known for its high hole mobility, despite
the fact that it is not a conjugated polymer, and has a wide
bandgap.”' Due to the large overlap in the UV absorption
region between PVK and the ZnO NFs, the PVK layer acts
not only as the hole transport layer but also as the UV
absorbing layer.'” The photo-generated electron—hole pairs
are produced in both the ZnO NFs and PVK layers under the
illumination of UV light. The holes in the ZnO NFs migrate
from the valence band (VB) of ZnO to the HOMO of PVK
due to the offset between the HOMO of PVK (—5.7¢eV)*
and the VB of ZnO NFs (—7.5 eV),23 while the electrons in
PVK will migrate from the LUMO of PVK to the conduction
band (CB) of ZnO NFs due to the offset between the CB of
ZnO NFs (—4.2eV) and the LUMO of PVK (—2.3¢eV); the
holes in the HOMO of PVK and the electrons in the CB of
ZnO NFs would then be transported to and collected by the
PEDOT:PSS anode and the Al cathode, respectively, and
results in the observed photocurrent.

The interfacial morphology of the active layer plays an
important role in optoelectronic devices. SEM has been used
to investigate the morphology of ZnO NFs layer. Fig. 2(a)
shows the SEM image of ZnO NFs on the quartz substrate
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which revealed the morphology of the nanoflakes in the
product. The nanoflakes grew vertically on the substrate and
formed an intertwined pattern. It can be seen from the mag-
nified image of the ZnO NFs (inset of Fig. 2(a)) that each
nanoflake consists of smaller nanoparticles. The sizes of
nanoparticles are 15-20 nm which are stacked to produce the
nanoflakes. The X-ray diffraction (XRD) pattern of ZnO NFs
and PVK is shown in Fig. 2(b). Nine XRD peaks were
observed in the pattern of the ZnO NFs, the corresponding
lattice planes were labeled in the figure showing a wurtzite
structure, which agrees well with the reported works.**
These strong and wide peaks revealed that the obtained ZnO
NFs have a good crystallinity in the nanoscale. The XRD
pattern obtained from the PVK was similar to that reported
previously.”> Two diffraction peaks centered at 260 = 20.45°
and 7.23° were observed with the corresponding d-spacing
of 4331A and 11.50A, respectively. The former peak
(20 =20.45°) was broad and diffuse, that was attributed to
the amorphous halo, whereas the latter peak (20=7.23°)
was attributed to the chain parallelism of PVK.

The Raman spectrum of ZnO NFs was recorded at ambi-
ent temperature using a Renishaw inVia Raman microscope
with an argon-ion laser at an excitation wavelength of
514 nm. The spectrum is shown in Fig. 2(c). It can be seen
from the figure that there are two dominating vibration peak
centers at 438 and 935 cm ', respectively. The ZnO powders
display a narrow and strong band at 438 cm ™' that has been
assigned to E, mode, which arises from the motion of Zn
atoms, and is a characteristic feature of the wurtzite phase.
The envelope above 935cm ™' can be attributed to the over-
tones and/or combination bands.*® Figs. 2(d) and 2(e) show
the TEM and the HRTEM images of the ZnO NFs, respec-
tively. As illustrated in the figure, the d-spacings for the
(100), (002), (101), and (102) planes are dz,o'"=2.82A,
Az’ =2.60A, dyno'"'=248A, and dpo'Z=192A,
respectively, which are consistent with the reported values.?’
The selected area fast Fourier transform (FFT) pattern of the
ZnO NFs is shown in the inset of Fig. 2(e), which indicates a
hexagonal wurtzite structure of the ZnO NFs. Fig. 2(f) shows
the electron diffraction pattern of ZnO NFs, which also

FIG. 2. (a) SEM image of ZnO NFs on
quartz. The inset presents an enlarged
image of the ZnO NFs. (b) XRD pat-
terns of PVK and ZnO NFs. (¢) Raman
spectrum of the ZnO NFs. (d) The TEM
image of ZnO NFs. (e) The HRTEM
image of polycrystalline ZnO NFs and
their selected area FFT pattern (inset).
(f) Electron diffraction pattern of ZnO
NFs with the expected wurtzite struc-
ture as indicated by the analysis shown
in the figure.

verified a wurtzite structure after assigning the diffraction
pattern to the corresponding sets of lattice planes as shown
in the figure.

The functional groups of the ZnO NFs/PVK hybrid were
determined using Fourier transform infrared (FTIR) spectros-
copy. The FTIR spectra of the PVK and ZnO NFs are pre-
sented in Fig. 3(a). The spectrum of the ZnO NFs showed a
strong and broad absorption band at ~540cm ™', which arises
from the stretching of the Zn-O bonds. This peak has been
reported to be at ~480cm ™" for bulk ZnO.*® The peaks of all
ZnO NFs samples have shifted evidently to higher wavenum-
bers as compared to the bulk ZnO, which is resulted from the
decrease in size and the increase in zinc content™ of the ZnO
NFs. The peak at ~1341 cm ' (CH3) might be resulted from
the solvent methanol. The characteristic band of PVK was
consistent with that reported in the literature.”® The broad
absorption in the range of 3300 to 3700 cm ™' was ascribed to
the existence of hydroxyl groups on the surfaces. Furthermore,
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FIG. 3. (a) FTIR spectra of ZnO NFs and PVK. (b) The absorption spectra
of ZnO NFs and PVK, and the transmission spectra of the ITO/glass and
PEDOT:PSS(PH1000)/quartz. (c), (d) The photoluminescence (PL) and the
PL excitation (PLE) spectra of ZnO NFs and PVK, respectively.
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three absorption peaks in the range of 2885 to 3125cm ™',
1438 to 1445 cmfl, and 1320cm ™! were observed; these were
ascribed to the C—H bonding. The strong absorption peak at
~1659cm ™" was assigned to C-O bonding. The peak located
at 740cm ' was attributed to the out-of-plane C—H deforma-
tion of the aromatic ring.”'

Fig. 3(b) shows the UV-Vis absorption spectra of ZnO
NFs and PVK. For PVK, a strong absorption band is observed
between 320 and 350 nm, and there is no absorption for wave-
length longer than 360 nm. The absorption spectrum of ZnO
NFs shows a typical property for semiconductor, where a
sharp absorption edge is located at 380 nm which corresponds
to the interband transition. The transmission spectra of the
ITO glass and PEDOT:PSS(PH100)-coated quartz are also
shown in Fig. 3(b). It could be observed that the transmittance
of ITO glass is about 80% for wavelength longer than
350 nm, but there is a sharp absorption for wavelength shorter
than 350 nm and it is nearly opaque below 300 nm. Therefore,
ITO glass is not suitable to be used in photodetectors designed
for short wavelength UV light. On the other hand, the
PEDOT:PSS-coated quartz substrate is basically transparent
with a transmittance >93% in the UV region from 400 to
250nm and is almost semi-transparent from 210nm to
250nm. The conducting polymer PEDOT:PSS is demon-
strated to be an outstanding transparent electrode for organic
UV PDs designed for short wavelength UV detection, as com-
pared with the ITO-coated glass.

The PL spectra of ZnO NFs and PVK were recorded
using an iHR-320 spectrometer and the results are shown in
Figs. 3(c) and 3(d), respectively. The PL excitation (PLE)
spectrum of ZnO NFs was recorded at an emission wave-
length of 545 nm with the corresponding PLE peak located
at 360nm. The PLE spectrum of PVK was recorded at an
emission wavelength of 405 nm with the PLE peaks located
at 320 and 350nm. For the PL emission spectra, an excita-
tion wavelength of 340 nm has been used for both ZnO NFs
and PVK samples, and the emission peaks for ZnO NFs are
centered at 545nm, while that for PVK is centered at
405 nm, as shown in Figs. 3(c) and 3(d), respectively.

In order to evaluate the performance of the device, the
detector was illuminated with 365 nm UV light under a series
of illumination intensities of 0.01, 0.06, 0.40, and 1.30 mW/
cm? sequentially. Light passed from the PEDOT:PSS(PH100)/
quartz side. The J-V characteristic and the logarithmic J-V
curves of the devices with PEDOT:PSS anodes are shown in
Figs. 4(a) and 4(b), respectively. It can be seen that on the
whole, the photocurrent density increases with increasing light
intensity (4 =365 nm); this may be resulted from the fact that
the absorbed light in photoactive material increases and more
photogenerated carriers are produced at higher light intensity.

The effects of illumination intensity and bias voltage on
the responsivity are shown in Fig. 4(c).The responsivity (R) is
related to the photocurrent (/p,) by the relation, R =Ip,/W,
where W is the optical power received over the effective area
of the device. It can be clearly seen that at a fixed bias volt-
age, the responsivity decreases with illumination intensity. On
the other hand, the detector shows a higher responsivity at a
larger bias voltage for a fixed light intensity. A responsivity
as high as 7.27 x 10° A/W has been reached at 2 V bias volt-
age under an illumination intensity of 1.30 mW/cm?, while
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FIG. 4. (a) J-V characteristic curves and (b) the log J-V plot of the devices
with PEDOT:PSS anodes under different illumination intensities at 365 nm.
Variations of (c) the responsivity and (d) the detectivity with bias voltage
and illumination intensities of the ZnO NFs/PVK-based UV photodetectors.

the ITO-device showed a responsivity of 4.89 x 10° A/W
under the same light intensity as shown in the supplementary
material. Thus, it demonstrated that the devices with
PEDOT:PSS anode show a 49% increase in responsivity over
the devices with ITO anode at 365 nm.

Detectivity (D*) is an important parameter characterizing
the normalized signal-to-noise performance of the photode-
tectors. Since the shot noise from the dark current is the major
contribution to the noise of the detectors, D* may be calcu-
lated using the following equation:**** D* =R/ (Zqu)l/ 2,
where R is the responsivity, ¢ is the electron charge
(1.6 x 10" C), and J,, is the dark current density. The detec-
tivity of the ZnO NFs/PVK-based detector is voltage-
dependent as shown in Fig. 4(d). The highest detectivity is
obtained at 2V, with a value of 6.20 x 10" cm Hz'? W',
This value is comparable to that of the inorganic GaN, ZnO,
Si photodetectors and other previously reported UV
OPDs.***> In comparison, the detectivity of the ITO-device
reached 5.61 x 10'* cm Hz"?> W~ under the same condition
as shown in the supplementary material. Therefore, the detec-
tivity of the devices with PEDOT:PSS anode is one order of
magnitude higher than that for the devices with ITO anode.

The time response of the ZnO NPs/PVK-based UV
detector has been measured as shown in Fig. S4. The rise
and decay times are obtained by fitting the transient response
with I(t) =10+ A, exp(t/t,) and I4(t) =140+ Aq exp(-t/tq),
where 7, and 74 are the rise and decay time constants, respec-
tively. The fitting results gave a rise time of 7,_0.902 s and
a decay time of 7,_1.202 s.*® A ratio of the current under
illumination to the dark current is as high as ~1O4, which is
obtained when irradiated by 365nm LED with an intensity
of 1.30 mW/cm? under the reverse bias. Our results show
that the ZnO NFs/PVK hybrid device with PEDOT:PSS
anode is very promising for high-performance UV photovol-
taic detectors.

In conclusion, a high performance UV PD based on
ZnO NFs and PVK with the transparent conducting polymer
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PEDOT:PSS anode was fabricated. The highest detectivity
(D*) reaches 6.20 x 10" cm Hz"> W' and a responsivity as
high as 7.27 x 10* A/W has been reached at 2 V bias voltage
under 365 nm illumination with an intensity of 1.30 mW/cm?
at ambient condition. This work demonstrates that the trans-
parent conducting polymer PEDOT:PSS is a superior trans-
parent electrode to the ITO glass for UV PDs. Due to the
attractive solution-processable property of the ZnO NFs/PVK
inorganic/organic UV photovoltaic detectors, the present
study leads the way to developing high-performance, low-
cost, and large-array UV photodetectors.

See supplementary material for the schematic diagram
of device A (supplementary Figure S1), and the photovoltaic
properties of device A (supplementary Figure S2), the power
density of the UV LED (4=365nm) as a function of sup-
plied voltage (supplementary Figure S3), the comparison of
the ZnO/PVK based UV detector fabricated in this paper
with some common UV detectors (supplementary Table S1
and S2), and the time response of the ZnO/PVK based UV
detector to light (supplementary Figure S4).
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