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All-organic ultraviolet (UV) photodetectors have gained significant attention due to their advantages of
low-cost fabrication, flexibility, and ease of processing. However, challenges such as limited photo-
responsivity, stability, and weak light detection have hindered their practical applications. In this study,
we report the fabrication of Au nanoparticles (NPs) on ITO glass substrates via one-step annealing,
followed by the construction of Au NPs/Ph-BTBT-12/Cso UV photodetectors. The incorporation of Au
NPs results in an absorption enhancement of approximately 443.2%, significantly improving the
photoresponsivity performance of the device from 69.6 uA W= to 413.1 yA W=L. The device demon-
strates photoresponsivity across the solar-blind UV spectrum and partial visible light, while efficiently
detecting weak light at intensities as low as 0.01 mW cm™2. Notably, the photodetector retains its
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performance after two months, exhibiting excellent stability. Finite element method simulations reveal
that the different morphologies of the Au NPs lead to significant electric field enhancement.
DOI: 10.1039/d4tc03972f Furthermore, surface-enhanced Raman scattering (SERS) from the organic semiconductor Cgo was

achieved by thermal annealing of the Au NP arrays. These findings offer valuable strategies for improving
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1 Introduction

With the proliferation of sensing technologies, the market
for ultraviolet detectors covers a wide range of consumer
electronics and industrial applications, including autonomous
driving, pharmaceuticals, biodiagnostics, environmental moni-
toring and industrial surveillance."” In recent years, with the
development of research work on UV detection materials and
devices, greater achievements have been made in the applic-
ability of detection bands and device stability. However, the
currently applied high-performance materials are still domi-
nated by inorganic semiconductor materials, which are difficult
to meet the application requirements of flexibility, low cost and
easy preparation.®® Organic semiconductor materials have
inherent advantages in solving the above problems and are
expected to play a greater role in flexible electronics, wearable
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the performance and durability of organic UV photodetectors.

equipment, advanced medical and other fields.” All-organic
self-powered photoelectrochemical photodetectors based on
a copolymer PDTDT-Qx, prepared from 4,7-bis(2-trimethyl-
stannylthien-5-yl)-2,1,3-benzothiadiazole (DTBT-Sn), have been
proposed and exhibited self-powered UV-visible response
ability.® The polymer donor PTB7-Th was also designed to
achieve multifunctional organic vertical photodiodes for ultra-
violet photoelectric detection and optical synapses.’ The above
research results demonstrate the potential application of
organic semiconductor materials in UV detection, but there is
still a lack of research in shorter wavelengths and weak light
detection.

The plasmonic effect of metal microstructures has attracted
more attention in the fields of photoelectric detection, bio-
medicine, chemistry and chemical engineering.'®™** By inte-
grating the gold nanorod layer with vertically structured
perovskites, the photoresponsivity in the visible near-infrared
band of the photoconductive photodetector was improved
greatly and the driving voltage was also reduced.'® With the
help of gold nanoparticles (AuNPs), the absorption of the near-
infrared broad-spectrum was enhanced significantly, and the
organic photodetector device (OPD) exhibited good photo-
responsivity in the range from 650 to 830 nm wavelength.'®
Meanwhile, the properties of the plasmonic effect are closely

This journal is © The Royal Society of Chemistry 2025
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related to the material, morphology and structure, and the
preparation usually requires micro-nanoprocessing methods
such as ion beam lithography, electron beam lithography, and
laser induction, which are time-consuming and costly.’*™!
However, the plasmonic effect of metal nanoparticles is rarely
applied in the ultraviolet band.>*

To improve the photoelectric properties of organic photo-
detector devices, heterojunctions are usually constructed to
improve the separation efficiency of photogenerated carriers.>*
Since the energy bands of most materials cannot be well matched,
it is also very important to find and regulate the two materials
to construct type II heterojunctions, which are considered to
be the most suitable for photodetectors. Here, based on one
kind of small molecule derivative material, 2-dodecyl-7-phenyl-
benzo[b]benzo[4,5]thieno[2,3-d|thiophene (Ph-BTBT-12), we
constructed a Ph-BTBT-12/Cg type 1I all-organic semiconductor
heterojunction ultraviolet photodetector. Due to the extended
and compactly arranged conjugated structure with a long alkyl
chain of Ph-BTBT-12, higher carrier mobility and greater specific
absorption in the ultraviolet band can be realized easily.
In addition, plasma-enhanced UV detection and Raman scattering
properties were achieved by gold nanoparticle arrays con-
structed by simple vacuum thermal vaporization and thermal
annealing. The formation mechanism of gold nanoparticle
arrays was analyzed in detail by studying the gold film thick-
ness and annealing temperature, and the high sensitivity of UV
weak light detection based on gold plasma enhancement was
further obtained. The photoresponsivity was increased from
69.6 HA W' to 413.1 pA W™ ' at 365 nm, and the photorespon-
sivity of the photocurrent was increased by about 645 times.
The properties of gold nanoparticles with different morpho-
logies such as light absorption and electric field enhancement
were also deeply analyzed by using finite element simulations,
which were mutually corroborated with the experimental
results.

2 Experimental
2.1 Materials

2-Dodecyl-7-phenylbenzo[b]benzo[4,5]thieno[2,3-d|thiophene
(Ph-BTBT-12, TCI, >99.5%), fullerene (Cgo, Suzhou Carbon
Graphene Technology Co., Ltd, 99.96%), and aluminum
particles (Al, Fuzhou Yingfeixun Optoelectronics Technology
Co., Ltd, 99.99%) were used. All these reagents were of
analytical grade and used without further purification.

2.2 Fabrication of devices

Typically, the ITO glass substrate was ultrasonically cleaned
with deionized water, acetone, and isopropanol solutions for
10 min and then dried with nitrogen to achieve a clean and
pollution-free substrate surface to ensure the adhesion and
uniformity of the film. Then, a 15 nm gold film was thermally
evaporated using a coating machine. After evaporation, it was
placed in a tube furnace and continuously annealed at 500 °C
for 10 min to obtain a gold nanoparticle layer. Then, 40 nm
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Ph-BTBT-12 and 30 nm Cg, were successively deposited by
thermal evaporation, and the vacuum pressure value of 5 x
10~° Pa in the chamber was maintained during evaporation.
Finally, a 100 nm Al electrode was also deposited by thermal
evaporation, and its effective area was 1.8125 cm>.

2.3 Simulations

The fluctuation optical section of COMSOL is used to model
the gold particles. The structural contour is set to a polygon
according to the microscopic plane morphology of SEM scan-
ning. The height is set to 30 nm according to the AFM
measurement results. It is simulated as a periodically distrib-
uted array structure with a period of 300 nm. The boundary
conditions are set to periodic boundary conditions, and the
perfect matching layer is set to absorb the reflection field.
The refractive index of the glass substrate is set to 1.45, the
dielectric constant of gold is set to the Drude-Lorentz disper-
sion model, the high frequency relative dielectric constant is set
to 1, the plasma frequency is 1.36 x 10'° Hz, and the attenua-
tion with time is set to 3.33 x 10"".

2.4 Characterization

The optical absorption spectra were collected using a Lambda
750 ultraviolet-visible (UV-vis) spectrometer (PerkinElmer, USA).
The surface morphology of the film was examined using a
Dimension ICON AFM (Bruker, USA) and a scanning electron
microscope (SEM) (Zeiss, GER). X-ray photoelectron spectro-
scopy (XPS) was conducted using a PHI-5000 VersaProbe instru-
ment with Al Ko radiation under a vacuum of 10~® Torr. The
photoelectric properties of the devices were measured using a
Keithley 4200 SCS semiconductor characterization analyser.
Raman spectra of samples with and without gold nanoparticles
were recorded using a LabRAM ARAMIS Raman spectrometer
(Horiba, Japan). The photoluminescence (PL) spectra of the
different films excited with 365 nm were measured with a
fluorescence photometer RF5301 (Shimadzu, JPN). Due to equip-
ment limitations, a narrower slit was used in the measurement of
the Ph-BTBT-12/Cg,. The selected excitation light slit was 5 nm
when measuring the spectrum of Ph-BTBT-12, 1.5 nm when
measuring that of Ph-BTBT-12/Cg, and 5 nm when measuring
that of Au NPs/Ph-BTBT-12/Cgy.

3 Results and discussion

Fig. 1a shows the typical structure of the device. The SEM
images of the micromorphology change of the 15 nm Au film
on the ITO glass substrate before and after annealing are shown
in Fig. 1b. Employing vacuum thermal vaporization, continu-
ous thin films of gold were obtained, but the structure was not
dense and some worm-like streaks were present. After thermal
annealing, the gold film evolves into high-density gold nano-
particles (Au NPs). The driving force of this process comes from
the total energy minimization of the free surface of the gold
film substrate and the contact surface between the gold
film and the substrate. Because the thin gold film deposited
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(a) Schematic illustration of the photodetector based on the Au NPs/Ph-BTBT-12/Ceq heterostructure. (b) SEM images of the Au film before and

after annealing at 500 °C, respectively. (c) Size distribution histograms of Au NPs. (d) and (e) SEM images of Ph-BTBT-12 and Cgq films, respectively.

(f) SEM image of the Ph-BTBT-12/Cgp film with Au NPs.

by thermal evaporation is unstable, the atomic mobility is
increased by the high temperature annealing process, so the
gold film finally evolves to the island structure of the gold
polygon. The size statistics of these gold nanoparticles are
shown in Fig. 1c with an average length size of 206 nm, which
corresponds to the subwavelength metal structure in surface
plasmons. Fig. 1d shows the SEM morphology of the Ph-BTBT-
12 film. Some stripes appear on the surface, but there are no
cracks in the film, and the prepared film is complete. Fig. 1e
shows the structural morphology of the Cg, film, forming a
meandering rod-like structure. Fig. 1f shows the microstructure
of the Au NPs/Ph-BTBT-12/Cg film, which is not much different
from Fig. 1le. This also indicates that the film is still compact
and complete after the gold nanoparticles are present. Fig. 2a
and b show the three-dimensional and two-dimensional height

b

Fig. 2

distribution maps of the gold nanoparticles measured by AFM.
Fig. 2c shows the height distribution of the gold particles
on the yellow line in the illustration. The height of the gold
particles is about 30 nm. Fig. 2d and e show the three-
dimensional and two-dimensional height distribution maps
of the Au NPs/Ph-BTBT-12/Cq film. Fig. 2f shows the height
distribution of the Au NPs/Ph-BTBT-12/C, film on the yellow
line in the illustration. Combined with its SEM microscopic
morphology, it can be concluded that the gold nanoparticles
are well covered by the film. The film is not broken by the
influence of the gold nanoparticles, and the compactness and
uniformity of the film remain good. In addition, it can be seen
from the AFM results in Fig. 2 that the root mean square
roughness of the Au NPs/Ph-BTBT-12/Cs film increases, which
may be detrimental to the response speed.
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(a) and (d) 3D side-views of typical Au NPs and Au NPs/Ph-BTBT-12/Ce films. (b) and (e) AFM top views of the Au NPs and Au NPs/Ph-BTBT-12/

Ceo films. (c) and (f) Typical height variation profile on the Au NPs and the Au NPs/Ph-BTBT-12/Ce film surface.
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Fig. 3 (a) XPS full spectrum of the Ph-BTBT-12/Cg film. (b) and (c) The different structural films XPS core-level spectra of (b) C 1s and (c) S 2p in

Ph-BTBT-12, the C 1s peak is fitted to C 1s (Ph-BTBT-12) and C 1s (Ceo), and the S 2p peak is fitted to S 2p*2 and S 2p*/2.

Fig. 3a shows the XPS full spectrum of the Ph-BTBT-12/Cs,
film. The binding energy (BE) of the C 1s orbital and the S 2p
orbital can be clearly seen, which proves that there are C and S
elements in the sample and no obvious impurities exist. Fig. 3b
and c show the fine spectra of C 1s and S 2p. From bottom
to top are the measurement results of the Ph-BTBT-12 film,
Ph-BTBT-12/Cg, film and Au NPs/Ph-BTBT-12/Cg, film. It can be
seen from Fig. 3b that the C 1s peak is composed of two kinds
of films containing C, namely the Ph-BTBT-12 film and the Ce,
film, which can be recorded as C 1s (Ph-BTBT-12) and C 1s
(Ceo)- The C 1s (Cgo) peak shifts to a higher binding energy
direction on the film sample containing Au NPs, with an offset
of 0.1 eV. From the Ph-BTBT-12 film to the Ph-BTBT-12/Cq,
film, the peak position of C 1s (Ph-BTBT-12) shifted to the
low binding energy, and the offset was 0.02 eV. On the Au
NPs/Ph-BTBT-12/Cg film sample, the C 1s (Ph-BTBT-12) peak
continued to shift to the low binding energy and further shifted
by 0.05 eV. Fig. 3c shows the fine spectrum of S 2p, and two
peaks of S 2p"? and S 2p*? can be obtained by fitting, both of
which belong to the Ph-BTBT-12 film. The peak of S 2p**
shifted to low binding energy after evaporation of Cgp, and
the offset was 0.04 eV. After adding Au NPs, there was no offset.
This peak only received the influence of Cg. After the evapora-
tion of C¢o and the increase of Au NPs, both processes made
the S 2p*? peak move to the direction of low binding energy,
and the final offset was 0.06 eV. The XPS measurement results
combined with the peak shift of Ag(2) in the Raman measure-
ment in Fig. 5 show that after the Ph-BTBT-12 film contacts Ce,
and increases Au NPs, charge transfer occurs, C 1s (Cg) loses
electrons, and the binding energy shifts to high energy. After
C 1s (Ph-BTBT-12), S 2p"/? and S 2p*? get electrons, binding
energy shifts to low energy. This charge transfer occurs on the
Ph-BTBT-12/Ce, heterojunction, which is beneficial to the
photodetector.

As shown in Fig. 4d, the absorption spectrum of the device
was measured using an ultraviolet-visible spectrometer. It can
be seen that the typical absorption peak of the Ph-BTBT-12 film
is near 365 nm, and there is almost no absorption in the visible
light range, indicating its superiority in ultraviolet photo-
electric detection. After covering the Cg, film, the absorption

This journal is © The Royal Society of Chemistry 2025

is enhanced and a new absorption peak appears near 340 nm.
After the addition of Au NPs, the absorption was significantly
enhanced, and the absorption at a wavelength of 365 nm
increased from 0.125 a.u. to 0.679 a.u., and the absorption
increased by about 443.2%. In addition, the optical absorption
of gold nanoparticle films at different annealing temperatures
is shown in Fig. S5 (ESIt). Gold films with a thickness of 15 nm
were deposited on the ITO glass substrate by thermal evapora-
tion to obtain three samples, and then annealed at different
temperatures for 10 min at 450 °C, 500 °C and 550 °C, respec-
tively. From the absorption spectrum, we can see that there are
two peaks near 400 nm and 650 nm. In addition, the absorption
spectrum of the gold nanoparticle film obtained by annealing
at 500 °C has a significant absorption capacity in the range of
ultraviolet to visible light. In order to explore the mechanism of
absorption enhancement, the electric field distribution around
gold nanoparticles under 365 nm illumination was simulated
with COMSOL software. The constructed model was based on
the actual micro-morphology and size measured by SEM and
AFM. As shown in Fig. 4a-c, the electric field distribution
of three typical gold nanoparticle morphologies is shown. The
electric field enhancement of gold nanoparticles shown in
Fig. 4a and b appears at each side length and vertex. The
electric field enhancement of the large and small gold nano-
particle dimers in Fig. 4c appears more around the small gold
nanoparticle and is more obvious on the upper and lower sides.
It can be seen that the absorption enhancement is attributed to
the plasmon resonance effect of gold nanoparticles, which
plays a great role in improving the detection ability of ultra-
violet photodetectors.

Fig. 4e shows the current-voltage (I-V) characteristic curves
of devices with and without gold nanoparticles under dark
conditions and 365 nm (the optical power is 10.7 mW c¢m?)
illumination conditions. “W/O Au NPs” indicates without gold
nanoparticles, and “with Au NPs” indicates the presence of
gold particles. In the absence of Au NPs, the Ph-BTBT-12/Cq
thin film heterojunction device achieves a photoelectric detection
capability at a wavelength of 365 nm. After adding Au NPs, the
photoresponsivity of the device is significantly improved. At the
same time, in Fig. 4e, we can find that the Au NPs/Ph-BTBT-12/Cg

J. Mater. Chem. C, 2025,13,1728-1736 | 1731
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(a)—(c) The electrical field distribution of different Au NP morphologies under 365 nm illumination. (d) UV—-vis absorption spectra of Ph-BTBT-12,

Ph-BTBT-12/Ceo and Au NPs/Ph-BTBT-12/Cg films. (e) I-V curves of the photodetector with different illuminations for Ph-BTBT-12/Ceo and Au NPs/
Ph-BTBT-12/Cg, respectively. Conditions: —8 to 8 V. (f) The energy band structure diagram of the photodetector.

device has a higher dark current and is more similar to ohmic
contact. This phenomenon has been reported in many metal
nanoparticle-modified devices.”””*® The increase in dark cur-
rent is attributed to the high conductivity of Au NPs, which
increases the probability of electron transfer. Fig. 4f shows the
energy level structure of the device, and we propose a mecha-
nism explanation for the photoresponsivity of the device. The
LUMO and HOMO energy levels of Ph-BTBT-12 are higher than
those of Cgp, forming a type II heterojunction structure, which
is suitable for photodetectors. This structure is conducive
to driving the separation and transport of photogenerated
electrons and holes, and the photogenerated electrons move
to Ceo. At the same time, the work function energy level of Al is
lower than the LUMO energy level of Ce, and the photogener-
ated electrons can automatically reach the Al electrode, while
the photogenerated holes move to the Ph-BTBT-12 and ITO
electrodes. After the introduction of gold nanoparticles, gold
nanoparticles are added to the energy level configuration of the
device, which improves the carrier transport in the dark
environment and leads to the enhancement of the dark current.
At the same time, under illumination, the optical effect and
electrical effects of gold nanoparticles contribute to photo-
current enhancement. Gold nanoparticles are directly attached
to the conductive electrode ITO, which can provide a shorter
charge flow path. The results of the peak shift in XPS and
Raman spectroscopy measurements also show that gold nano-
particles promote the charge transfer of Ph-BTBT-12 and Cgp
films, and the surrounding electromagnetic field can help
increase the driving force of charge transfer. The optical effect
of plasmon resonance of gold nanoparticles enhances the
interaction between light and the film, which greatly enhances
the light absorption ability of the surrounding film materials.

1732 | J Mater. Chem. C, 2025, 13,1728-1736

When an OPD works, photogenerated electrons and holes are
generated at the interface of Ph-BTBT-12 and Cg, films. Under
the action of the external field, photogenerated electrons and
holes are promoted to be transported to the cathode and the
anode, and the photoresponsivity is enhanced. It is also worth
noting that the plasmonic thermal excitons generated by AuNPs
can also be effectively dissociated into electrons and holes,
which are rapidly extracted by the corresponding electrodes,
resulting in a larger photocurrent. Overall, the use of Au NPs
can achieve high-performance UV organic photodetectors and
also provides a new method for the development of UV organic
optoelectronic devices.

In order to evaluate the photoelectric detection performance
of the device, the key photoelectric parameters (photorespon-
sivity, specific detectivity and response time) are selected as
references. The experimental conditions of the results in Fig. 5
are as follows: the illumination wavelength is 365 nm and the
optical power is 10.7 mW cm 2.

The photoresponsivity (R) is defined as the ratio of the
photocurrent generated when the light is irradiated to the
photodetector to the incident light power irradiated to
the active layer,

o 114

R = by =P

where P is the incident light power, A is the active area of the
photodetector, I is the photocurrent, and Iy is the dark current.

Fig. 5a and e show the current-voltage (I-V) relationship of
the two devices (with and without gold nanoparticles) under
dark and light conditions (365 nm), and the voltage varies from
—10 V to 10 V. Both devices have photoresponsivity, and the
photocurrent of the device with gold nanoparticles increases

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc03972f

Open Access Article. Published on 21 November 2024. Downloaded on 02/11/2025 21:26:29.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

aZO‘ . Gark b60. « dark

15 « 365nm 10.7 mwicm® « 365nm 10.7 mwicm’

= 30

10,

/g

g 5 4

3 3”
° 60

5 90

-1 -1 - - - . P
9864»202468298-64-202468

Voitage(V) Voitage(V)

e f —wv'hAuP\Ps

200 - WO Au NPs

%150 Exso

E«oo ?100

3 r=1.18s 3 4r=2.59 s
50 50

Q
S0 52 54 56 58 60 62 64
Time (s)

%0 31 32 33 34 35 36 37 38 39 40

Time (s)

Fig. 5

Cum.‘ﬂl 1DA)

Current (M)

View Article Online

Journal of Materials Chemistry C

Q

- WO AuNPs 200 —with Au NPs
.g 150
-
00 2100
5
(&)
50
0 0
0 100 150 200 0 S0 100 150 200 250 300
Time (s) h Time (s)
200—vm!h Au NPs
1%
g
£100
3 tr=3.52s
50
05051 52 53 54 55 56 57 58 59 60 0 116 18 120 122 124
Time (s) Time (s)

(a) and (b) /-V curves of the photodetector illuminated by light with 365 nm and in the dark for Ph-BTBT-12/Cgo and Au NPs/Ph-BTBT-12/Cgp,

respectively. (c), (e) and (g) Time-dependent photocurrent responses of the Ph-BTBT-12/Cgo device under irradiated light (365 nm). (d), (f) and (h) Time-
dependent photocurrent responses of the Au NPs/Ph-BTBT-12/Cgq device under irradiated light (365 nm).

more significantly. The photoelectric performance parameters
of the two devices can be calculated. The photoresponsivity of
the device without gold nanoparticles is 69.6 pA W', The
photoresponsivity of the device with gold nanoparticles is
413.1 pA W' and the specific detectivity reaches 2.48 x
10° Jones, which realizes the enhancement of ultraviolet photo-
electric detection capability. In order to better understand the
Au NPs in plasmon-enhanced behavior on the improvement of
the photodetector, we further explain it through the energy
band structure of the device. When gold nanoparticles are
added, the work function of gold nanoparticles is smaller than
that of Ph-BTBT-12, and the energy band of Ph-BTBT-12 bends
downward, which reduces the contact barrier between gold
particles and Ph-BTBT-12. At the same time, Ph-BTBT-12 and
Ceo (PL spectrum as shown in Fig. S6, ESIT) are excited under
ultraviolet light, and the emission energy is close to the
resonance energy of gold nanoparticles, which induces surface
plasmon resonance in Au NPs. The direct excitation of ultra-
violet light and the above emission lead to the strong enhance-
ment of the electromagnetic field near Au NPs. Therefore, the
enhanced electromagnetic field will excite electrons in Au NPs
and make them cross the contact barrier between gold nano-
particles and Ph-BTBT-12. This excitation transfers a large
number of electrons from Au NPs to the LUMO of Ph-BTBT-
12, where these electrons are further extracted to the Al
electrode, which is biased by a positive voltage, thereby improv-
ing the photoresponsivity.>**°

In order to evaluate the response time of the photodetector,
the time-dependent photocurrent response curve of the device
was tested. The current-time (I-t) curve of the two devices
caused by 365 nm light (the bias voltage is 5 V) is shown
in Fig. 5b and f. The current signal is flat, stable and non-
attenuated during illumination. After the light is turned off, the

This journal is © The Royal Society of Chemistry 2025

current drops instantly. Both devices show good stability and
repeatability under multiple continuous-cycle optical switching
cycles. The rise time of the device without gold nanoparticles
(1.18 s) is faster than that of the device with gold nanoparticles
(2.59 s). The rise time is defined as the time required for the
photodetector to reach 90% of the maximum photocurrent
from 10% of its maximum photocurrent. Similarly, the falling
time of the device without gold particles (1.86 s) is faster than
that of the device with gold particles (3.52 s). The falling time is
defined as the time required for the photodetector to drop from
90% of its maximum photocurrent to 10% of its maximum
photocurrent. The response time is related to the roughness.
It can be seen from the AFM results in Fig. 2 that the root
mean square roughness of the gold nanoparticles is 15.5 nm.
After covering the Ph-BTBT-12 film and the Cg, film, the root
mean square roughness becomes 28.8 nm, an increase of
13.3 nm. The roughness of the film makes the contact with
the electrode have many defects, so the response speed advan-
tage decreases. According to the definition of photoresponsivity
and the current-time curve, the photoresponsivity of the device
with gold nanoparticles is more than 600 times higher than
that of the device without gold nanoparticles. In addition, we
compare the photo-to-dark current ratio for the devices with
Au NPs and without Au NPs in Fig. S7 (ESIT), and the ratio is
almost all greater than 1, which further proves that both devices
are suitable as photodetectors.

In order to further explore the photoresponsivity of the Au
NPs/Ph-BTBT-12/Cg, device, the device placed in air for 60 days
was measured. The measurement results are shown in Fig. 6a.
When the measurement conditions remain unchanged, the
photoresponsivity of the device at a wavelength of 365 nm
remains good. Under multiple continuous-cycle optical switch-
ing cycles, the device still maintains good photoresponsivity,
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Fig. 6 (a) Time-dependent photocurrent response of the Au NPs/Ph-BTBT-12/Ceo device under irradiated light (365 nm) after 60 days. (b) Time-
dependent photocurrent response of the Au NPs-Ph-BTBT-12-Cgq device under weak light (365 nm). (c) Time-dependent photocurrent response of the
Ph-BTBT-12/Cgp device under irradiated light (265 nm). (d) Time-dependent photocurrent response of the Au NPs-Ph-BTBT-12-Ceq device under weak
light (265 nm).
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Fig. 7 (a)-(c) Electrical field energy distribution at 532 nm of the Au NPs with different morphologies. (d) Raman spectrum acquired with a laser
excitation of 2 = 532 nm for the Ph-BTBT-12/Cgo and Au NPs/Ph-BTBT-12/Csq films, respectively.

indicating that the device has good stability in air. Fig. 7b  obvious photoresponsivity of the device can be clearly seen,
shows the detection ability of the device under weak light. and the weak light detection ability of the device will bring
When the optical power is reduced to 0.01 mW cm 2, the more application value. Fig. 7c and d show the detection ability
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of the device in the solar-blind waveband. It can be clearly seen
that both devices have achieved solar-blind UV photoelectric
detection. After adding gold nanoparticles, the photocurrent
of the device is greatly improved. The results in Fig. S4 (ESIt)
also prove the photoelectric detection ability of the device in
visible light.

Ceo has attracted considerable attention due to its unique
geometric shape and excellent physical and chemical proper-
ties.>* The SERS properties of Cg, films are worth exploring.
On the one hand, its spherical molecular structure makes it
difficult to attach to the SERS substrate.>® On the other hand, it
is insoluble in water and cannot obtain its SERS performance
from water solution. Here, based on the prepared photodetec-
tor, we explored the SERS performance of Cg, films with gold
nanoparticles. The evaporation of the Ph-BTBT-12 film makes
Ceo more stable adsorption on it.

In the experiment, Raman measurements were performed
on Ph-BTBT-12/Cg, films with and without gold nanoparticles,
and the excitation light source was a 532 nm wavelength laser.
It can be seen from the Raman spectrum of Fig. 5d that both
Raman spectra show two characteristic peaks of Cgo, namely
Ag(1) (483.06 cm ™) and Ag(2) (1455.37 cm™'). The peak posi-
tion of the Ag(1) has almost no change after adding gold
nanoparticles. The peak position of the pentagonal pinch
mode of the latter mode Ag(2) changes from 1452.65 cm™ ' to
1455.37 cm™'. This is the characteristic frequency of the
original Cgo and this result matches with other literature
reports. It is worth noting that the charge transfer factor cannot
be ignored, and the peak position shift may be proof of adatom-
charge-transfer.®> At the same time, it can also be seen that the
Raman spectrum intensity of the sample with gold nano-
particles is significantly higher than that of the sample without
gold nanoparticles. The Ag(1) peak is from almost no to an
obvious peak, and the intensity of Ag(2) is increased from 4.8 to
82.3. The surface Raman enhancement effect is realized.

In order to explore the mechanism of Raman spectroscopy
enhancement by gold nanoparticles, the finite element method
software COMSOL was used for numerical simulations to
explore the hot spot distribution of the electric field. Fig. 7
shows the electric field distribution xy cross-section of three
typical gold nanoparticle morphologies at a wavelength of
532 nm. This is the excitation wavelength in the Raman
spectrometer. It can be seen that the electric field enhancement
of the polygonal gold nanoparticles appears at the vertex and
each side length in Fig. 7a. Fig. 7b represents a dimer but it is
not completely separated due to annealing time and tempera-
ture. In this case, the electric field enhancement appears above
and below the gold nanoparticles. Fig. 7c shows the dimer
formed with one large and one small irregular elliptical particle.
The electric field hot spot distribution of this dimer in the 532 nm
wavelength is different from that in the 365 nm wavelength.
At this time, the electric field hot spot appears on both sides of
the two gold nanoparticles, and the electric dipoles caused by the
two nanoparticles interact with each other. At the same time, the
electric field enhancement can also be seen at the gap between
two nanoparticles, and its hot spot coverage is wider. These three

This journal is © The Royal Society of Chemistry 2025
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cases all prove that the gold nanoparticles prepared by annealing
produce hot spots in the 532 nm wavelength light field, and
the electromagnetic field is greatly enhanced. The excitation of
local surface plasmon resonance in various gold nanoparticle
structures enhances the Raman signal intensity of the Cg, film.
It is worth noting that by changing the thickness of the gold film
and the annealing temperature, a series of gold nanoparticles
with regular size changes can be obtained as shown in Fig. S2 and
S3 (ESIt). After continuous adjustment, the optimal gold nano-
particle size distribution can be found to achieve the best coupling
with the excitation light, achieving higher light absorption and
stronger Raman signal enhancement.

4 Conclusions

In summary, gold nanoparticles were integrated via one-step
annealing into the Ph-BTBT-12/Cg, vertical heterojunction photo-
detectors, marking the first application of the plasmonic effect of
gold nanoparticles in organic ultraviolet photodetectors. This
integration enables enhanced photoelectric detection and perfor-
mance across the 265-520 nm waveband. At a wavelength of
365 nm, the device remains stable even after 60 days, with no
deterioration in detection capability. It also successfully detects
weak UV light with an intensity of 0.01 mW cm™ 2. The optical
absorption at 365 nm increases by approximately 443.2% and the
photoresponsivity improves by roughly 640 times, as shown by
the current-time (I-t) curve, with a response time as short as
2 seconds. Additionally, the gold nanoparticles exhibit surface-
enhanced Raman scattering (SERS) properties in Cg films. This
work expands the application of gold nanoparticles in organic UV
photodetectors and provides a valuable reference for the future
development of flexible wearable devices, as well as imaging and
health monitoring technologies. Although this strategy uses rela-
tively expensive materials such as gold nanoparticles and Ce,
it exhibits very excellent photoelectric properties. In subsequent
studies, new approaches to prepare and use lower-cost alternative
accepter materials will help this strategy move toward a wider
range of applications. In addition, new and effective materials to
reduce costs and improve performance will be one of the impor-
tant directions of future research.
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