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ased on bis-2,6-[2-(2-oxoindolin-
3-ylidene)malononitrile]naphthalene derivatives/
zinc oxide nanorod heterostructures with machine
vision observation and artificial intelligence pattern
recognition

Cheng-Shan Chen,a Yi-Hao Cai,b Yu-Hong Yang,b Zong-Liang Huang,b

Hao-Zhu Zhang,b YewChung Sermon Wu, *a Ming-Hsien Li, *c Ming-Yu Kuo,*d

Hsiang Chen *b and Yung-Hui Li e

Zinc oxide (ZnO)-based photodetectors have made significant progress in the field of broadband

photodetection in recent years due to their ease of integration with low-bandgap semiconductors.

Although the intrinsic bandgap of 3.2 eV for pure ZnO limits its response to wavelengths outside the

ultraviolet (UV) light region, researchers have successfully extended its detection range into the visible

light region through material modifications and heterojunction designs. This study investigates the use of

the bis-2,6-[2-(2-oxoindolin-3-ylidene)malononitrile]naphthalene derivative (teven-518)/ZnO

nanocomposite as a photodetector. The molecular structure of teven-518 possesses a high electron

affinity that is further enhanced by the strong electron-withdrawing nature of the malononitrile groups,

which improves electron transport capability. Additionally, the introduction of the naphthalene unit

enhances molecular coplanarity, resulting in a rigid and planar structure that promotes p–p stacking

between molecules, thereby improving the charge carrier mobility. On the other hand, the C2C6 side

chains in the molecule provide moderate intermolecular interactions, enabling uniform film formation

during solution processing. Through the integration of code development and model training, along with

material characterization and photodetection results, this study confirms that the addition of teven-518

with ZnO nanorods contributes to the enhancement of ZnO-based photodetector performance,

showing significant improvements in both machine learning-based recognition and model evaluation.
1 Introduction

In the continuously advancing eld of optoelectronic devices,
the pursuit of high-performance and multifunctional photode-
tectors (PDs) remains a key driving force behind technological
innovation. Metal oxides, such as zinc oxide (ZnO),1 and
compound semiconductors, such as gallium nitride (GaN),2 are
promising materials for photodetection applications. In recent
years, wide-bandgap GaN has attracted signicant attention due
to its high electron mobility, excellent thermal stability, and
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strong resistance to high-energy radiation and chemical corro-
sion.3 However, the fabrication of GaN nanostructures requires
high-temperature processes and chemical etching, which not
only consume a large amount of energy but also increase the
production cost of GaN-based devices. Therefore, the pursuit of
high-performance PDs with low energy consumption is critical.

ZnO has emerged as a potential material for cost-effective
and high-performance PDs due to its low-temperature pro-
cessing (#100 °C), high thermal stability, and excellent elec-
tronic properties.4 However, its wide band gap of 3.2 eV limits
its photoresponse to ultraviolet (UV) light. Integrating organic
compounds with ZnO-based PDs is a promising strategy to
achieve wideband photodetection while maintaining low-
energy consumption, owing to the ease of integration and
low-temperature processing. Various organic compounds, such
as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS),5 N,N0-dioctyl-3,4,9,10-perylenedicarboximide
(PDIC8),6 and bisindolo quinoxaline-tips (BIQ-TIPs),7 have been
shown to signicantly enhance the spectral response of ZnO-
based photodetectors.
RSC Adv., 2025, 15, 43763–43773 | 43763

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra04832j&domain=pdf&date_stamp=2025-11-10
http://orcid.org/0000-0003-3333-9505
http://orcid.org/0000-0003-2996-4957
http://orcid.org/0000-0002-5325-9265
http://orcid.org/0000-0002-0475-3689
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04832j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015051


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

6:
03

:5
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Bis-2,6-[2-(2-oxoindolin-3-ylidene) malononitrile] naphtha-
lene derivatives (teven-518) are n-type organic semiconductor
materials with a highly conjugated structure. Their molecular
design incorporates oxoindoline, malononitrile, and naphtha-
lene groups, providing excellent optical and electrical proper-
ties. The deep lowest unoccupied molecular orbital (LUMO)
levels of teven-518 can be attributed to the enhanced electron-
withdrawing behavior of its side chain, which promotes air
stability when applied in optoelectronic devices.8 Due to its
good air stability, outstanding electron transport capability, and
tunable photoelectric response characteristics,9 this material
shows great potential in optoelectronic applications. The
molecule exhibits high electron affinity, and the strong
electron-withdrawing characteristics of the malononitrile
group10,11 resulting in a LUMO energy level of approximately
−3.96 eV, which is compatible with the conduction band
minimum (CBM) of ZnO, enhancing electron transport effi-
ciency. Additionally, the introduction of naphthalene units
enhances the coplanarity of the molecule,12 resulting in a rigid
planar structure that facilitates p–p stacking between mole-
cules, improving charge carrier mobility.13–15 The indoline
group, modied through oxidation, enhances the molecule's
electron-accepting characteristics, providing excellent electron
transfer capabilities.16,17 On the other hand, the C2C6 side
chains within the molecule provide moderate intermolecular
interactions, enabling the formation of uniform lms during
solution processing. Moreover, teven-518 exhibits a broad UV-
visible absorption range (∼300–650 nm), making it suitable
for various optoelectronic applications.

In this study, the organic material of teven-518 was deposited
onto the surface of ZnO nanorods (NRs) via spin-coating for the
application of broadband photodetection PDs. In terms of optical
absorption, teven-518 covers the ultraviolet to visible light range
(∼300–650 nm) and possesses a high absorption coefficient,
making it an ideal candidate for use in light-sensing applications.
Through various material characterization analyses, it was
conrmed that the organic compound teven-518 was successfully
deposited on ZnO NRs via spin-coating. Sensing analysis results
showed that the performance of this sensor in light detection
surpassed that of pure ZnO PDs, with a signicantly enhanced
photoresponse in the visible light wavelength range. Formachine
learning andmodel recognition, a code was developed to read six
time series datasets. These datasets correspond to devices
exposed to consecutive on/off light illumination cycles from six
different light sources. Each time series was segmented into
xed-length segments and assigned a class label. The dataset was
then divided into training and test sets, and a one-dimensional
convolutional neural network (1D CNN) model was trained on
this data. Finally, the model's performance was evaluated on
both the training and test sets, including the calculation of
accuracy and the generation of a confusion matrix.

2 Experiment
2.1. ZnO NR growth

To fabricate the ZnO NRs sensing layer, a seed solution was rst
prepared by dissolving zinc acetate in ethanol with the addition
43764 | RSC Adv., 2025, 15, 43763–43773
of a small amount of monoethanolamine (MEA) as a stabilizing
agent. The solution was heated in a water bath at 60 °C under
continuous magnetic stirring at 80 rpm for 30 minutes to
ensure complete dissolution and homogenization. The result-
ing precursor solution was stored for 24 hours at room
temperature to obtain a clear and stable seed solution suitable
for spin coating. Prior to the deposition of the ZnO seed layer,
the substrates, which were already deposited with an interdig-
itated gold electrode, were thoroughly cleaned using the RCA
method. The seed layer was deposited via a two-step spin-
coating process: initially at 500 rpm for 5 seconds, followed by
3000 rpm for 30 seconds. Aer coating, the substrates were
dried on a hotplate at 130 °C. This spin-coating and drying cycle
was repeated ve times to ensure uniform seed layer formation.
Subsequently, the seeded substrates were immersed in a ZnO
NRs growth solution containing equimolar concentrations of
zinc nitrate and hexamethylenetetramine (HMTA) dissolved in
deionized water. The hydrothermal growth process was carried
out in a preheated water bath maintained at 70 °C for 1 hour to
facilitate the vertical growth of ZnO NRs.18 Following growth,
the substrates were thoroughly rinsed with deionized water and
subjected to thermal annealing in a furnace at 300 °C for 1 hour
to enhance crystallinity and ensure the structural integrity of
the ZnO NRs layer.
2.2. Measurement

For the photosensing experimental setup, an Agilent 4155C
semiconductor parameter analyzer was used to bring the probe
into contact with the electrodes of the devices. The dark current
(ID) of the devices was measured under dark conditions (i.e.,
without illumination). Subsequently, a light source was acti-
vated, and the illuminated current (IP) was measured. By
calculating the IP/ID ratio, we were able to quantify the current
increase under illumination relative to the dark current, thereby
evaluating the device's sensing performance under light expo-
sure.19 Following this, current–voltage (I–V) characteristic
measurements were performed to gain deeper insight into the
current response of the devices under various applied voltages.
At the same time, we recorded the photocurrent–time (I–t),
which reects the temporal response of the devices to the
switching of the light source. This allowed us to assess the
sensitivity and response speed of the devices under illumina-
tion with different light sources.

Photoresponse measurements were carried out under six
light sources with different wavelengths: ultraviolet light-
emitting diode (LED) (UV LED, peak wavelength = 380 nm),
white LED (W LED), blue LED (B LED, peak wavelength = 442
nm), green LED (G LED, peak wavelength= 530 nm), red LED (R
LED, peak wavelength = 654 nm), and infrared LED (IR LED,
peak wavelength = 850 nm). By plotting the I–t response curves,
we were able to compare the sensing performances of different
devices under various light wavelengths and further investigate
the correlation between the optoelectronic properties and the
wavelength of incident light. Aer completing the I–t
measurements, the instrument was switched back to I–V
measurement mode. Under illumination, the Agilent 4155C
© 2025 The Author(s). Published by the Royal Society of Chemistry
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instrument was used to measure the photocurrent of devices
biased within a voltage range of −5 V to +5 V. This process
enabled us to obtain more precise data on the device's photo-
electric response under different voltage conditions.
Scheme 1 The practical operational steps of the CNN model are
outlined for the classification of I–t curves from the ZnO-based and
ZnO/teven-518-based PDs under different light sources.
2.3. Machine learning and model recognition

In this study, six time-series datasets of I–t responses were rst
extracted from an Excel le. These datasets were captured from
devices exposed to consecutive on/off light illumination cycles
from six different light sources, including infrared, red, green,
blue, white, and UV LEDs. To ensure consistency, all sequences
were transformed and organized into a matrix form, converting
column vectors into row vectors. The sampling rate was 0.75
points per second, and the single I–t curve waveform had a total
duration of 60 seconds, consisting of 30 seconds with the light
source on, followed by 30 seconds with the light source off.

The original I–t waveforms, each consisting of 80 data points
(corresponding to 60 seconds at a sampling rate of 0.75 points
per second), were segmented using a sliding-window approach.
A frame shi of 25 data points was used, meaning that the
window advanced by 25 points for each extracted segment. Each
resulting segment contained 25 data points, corresponding to
a temporal duration of 18.75 seconds (25 × 0.75 s). Given a total
length of 80 data points per waveform and a stride of 25, the
overlap ratio between adjacent segments was calculated as 1 −
(25/80) = 0.69, indicating that approximately 69% of the data
points were shared between neighboring segments.

For model training, the segmented data were further pro-
cessed to generate input sequences of 750 sampling points per
segment, using an appropriate framing strategy. Class labels
were assigned based on the corresponding illumination
conditions. To avoid data leakage, segmentation was performed
aer grouping the original sequences according to the device
and illumination source. The dataset was then partitioned into
training, validation, and test sets in a 70%, 15%, and 15% ratio,
respectively, with only the validation set used for hyper-
parameter tuning. The nal input tensor fed into the 1D CNN
was structured as [batch size, length, channels] = [25, 750, 1],
where each mini-batch contained 25 single-channel sequences
of length 750.

For model construction, a 1D CNN was employed for feature
extraction and classication. The architecture consisted of
three convolutional layers with 10, 15, and 15 lters, and kernel
sizes of 15, 10, and 5, respectively. Each convolutional layer was
followed by a ReLU activation function and batch normaliza-
tion. A attened layer was applied aer the nal convolutional
block to convert the feature maps into a one-dimensional
vector. As the number of lters and kernel sizes were
moderate, the parameter count remained manageable even
aer attening. A fully connected layer and a somax output
layer were used for nal classication.

The model was implemented using the MATLAB Deep
Learning Toolbox and trained using the Stochastic Gradient
Descent with Momentum (SGDM) optimizer, with an initial
learning rate of 1 × 10−4. No learning rate decay schedule or
weight decay was applied. The training was conducted with
© 2025 The Author(s). Published by the Royal Society of Chemistry
a mini-batch size of 25 for a maximum of 100 epochs. Early
stopping was not applied; instead, training was allowed to
proceed for the full number of epochs. The nal model was
selected based on training progress and nal validation accu-
racy. All input data were standardized using Z-score normali-
zation, applied individually to each time series to eliminate
scale differences across sequences.

For model evaluation, in addition to the confusion matrix
and accuracy, precision, recall, and F1-scores were reported to
provide a more comprehensive performance assessment. Given
the slight class imbalance, weighted F1-score and balanced
accuracy were also included. Furthermore, Grad-CAM was
employed for model interpretability analysis, revealing that the
CNN was particularly sensitive to the rising edges and steady-
state regions of the time-series signals. This observation was
consistent with the experimental results, thereby validating the
rationality and potential applicability of the model.20

The code ow shown in Scheme 1 is as follows: six sets of
time-series data of I–t curves are rst loaded, followed by
handling missing values (NaN) and segmenting the data. Cor-
responding labels are then generated, and the data are
normalized. Aer preprocessing, the dataset is divided into
training and test sets. A 1D CNN model is then dened and
trained. Finally, the model's accuracy is evaluated on both the
RSC Adv., 2025, 15, 43763–43773 | 43765
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training and test sets, and the classication results are visual-
ized using a confusion matrix.
3 Results and discussion

Fig. 1(a) displays an optical microscope (OM) image of teven-518
deposited on the ZnO NRs, labeled as ZnO/teven-518, at 400×
magnication. The surface appears uniformly green, with red
regions indicating elevated areas. Fig. 1(b) presents an OM
image at a higher magnication (1000×), revealing more
microscopic details. The particle distribution appears relatively
uniform, though some localized aggregation is still observed.
Macroscopical surface roughness analysis results are shown in
Fig. 1(c) and (d). Fig. 1(c) presents the three-dimensional (3D)
topography of the ZnO/teven-518 surface, with a measured
maximum height of approximately 31.0 mm. The surface
appears relatively uniform, though areas with higher particle
elevations (red regions) and lower at regions (green regions)
are still visible. Fig. 1(d) provides a higher-resolution image of
the ZnO/teven-518 surface structure, with a measured
maximum height of approximately 6.7 mm, revealing smaller-
scale surface undulations. Compared to the 400× image, this
higher-magnication image shows more ne microscopic
particles, indicating that teven-518 is non-uniformly coated on
the ZnO NRs' surface.
Fig. 1 OM images of teven-518 deposited on the ZnO NRs with (a) lowm
of teven-518 deposited on the ZnO NRs with (c) low and (d) high magn

43766 | RSC Adv., 2025, 15, 43763–43773
Scanning electron microscopy (SEM) was employed to
analyze the surface morphology of the ZnO/teven-518 sample.
Fig. 2(a) presents a top-view SEM image, revealing the uneven
coverage of teven-518 over the ZnO NRs. Additionally, the image
conrms that the ZnO NRs exhibit a vertically aligned, clustered
growth morphology. As shown in Fig. 2(b), SEM combined with
energy-dispersive X-ray spectroscopy (EDS) conrmed the
presence of carbon, oxygen, silicon, and zinc elements, indi-
cating the successful deposition of the organic layer teven-518
on the ZnO NRs.

Fig. 2(c) shows a transmission electron microscope (TEM)
image of the cross-sectional structure of the ZnO/teven-518
nanocomposite. The ZnO NRs are clearly visible, with teven-
518 covering their surfaces, forming well-dened hetero-
structures.21,22 The ZnO NRs are arranged in an orderly fashion,
indicating a uniform growth process, which plays a crucial role
in enhancing the response of the photodetector. In terms of
photosensing, the well-aligned ZnO NRs contribute to improved
light absorption efficiency, and the ZnO/teven-518 hetero-
junction enhances the separation of photogenerated electron–
hole pairs.

Fig. 2(d) shows a magnied view of the interface between the
ZnO NRs and teven-518. The internal structure of the ZnO NRs
and the coating of teven-518 can be clearly observed. The lattice
structure visible within some of the ZnO NRs indicates that they
agnification (400×) and (b) high magnification (1000×). 3D OM images
ification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Top-view and (b) cross-sectional SEM image of teven-518 deposited on the ZnO NRs. The inset in (b) reveals the EDX spectrum at the
marked position. TEM image of the ZnO/teven-518 sample with (c) low and (d) high magnification.
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retain a high degree of crystallinity. High crystallinity in ZnO
NRs ensures the efficient transport of photogenerated electrons,
reducing the recombination between electrons and holes, and
Fig. 3 XRD profiles of the ZnO NRs, teven-518, and ZnO/teven-518
samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
thereby enhancing the photoelectric conversion efficiency.
Furthermore, teven-518 is closely contacted with the ZnO NRs,
forming an electron pathway for charge carrier transport from
teven-518 to ZnO NRs.

Fig. 3 presents the X-ray diffraction (XRD) proles of the ZnO
NRs, teven-518, and ZnO/teven-518 samples. The ZnO NRs
sample exhibits a prominent XRD peak at 2q of approximately
34.5°, corresponding to the (002) facet of the hexagonal ZnO
NRs. Aer covering the ZnO NRs with teven-518, the XRD
proles show that the characteristic XRD peaks of ZnO remain
present. Additional XRD peaks at lower 2q are assigned to
crystalline teven-518, as compared to the XRD prole of teven-
518. These XRD peaks are presumably ascribed to the self-
assembly of teven-518.

As shown in Fig. 4(a), the UV-Vis absorption spectrum of the
ZnO/teven-518 heterostructure reveals a cut-off absorption
wavelength at 712 nm. This absorption edge is signicantly red-
shied compared to that of pure ZnO NRs, which is observed at
393.2 nm. The red shi indicates that the formation of the
heterostructure effectively extends the material's absorption
range, particularly into the visible light region. This absorption
RSC Adv., 2025, 15, 43763–43773 | 43767
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Fig. 4 (a) UV-Vis absorption spectra of the ZnO NRs, teven-518, and ZnO/teven-518 samples. Tauc plots of the (b) ZnO NRs, (c) organic teven-
518, and (d) ZnO/teven-518 grown on a slide substrate. (e) PL emission spectra of the ZnO, teven-518, and ZnO/teven-518 samples excited with
a 325 nm laser. (f) Energy band diagram of the ZnO/teven-518 heterostructure.

43768 | RSC Adv., 2025, 15, 43763–43773 © 2025 The Author(s). Published by the Royal Society of Chemistry
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edge can be used to estimate the optical bandgap (Eg) of the
ZnO/teven-518 heterostructure. As shown in Fig. 4(b)–(d), the
calculated bandgap for ZnO/teven-518 is approximately 1.81 eV,
which is notably lower than that of pure ZnO (3.20 eV) and
consistent with that of teven-518 (1.81 eV). This result suggests
that the ZnO/teven-518 heterostructure possesses enhanced
visible-light absorption capabilities, making it a promising
candidate for optoelectronic applications under solar or
ambient light conditions.

As shown in Fig. 4(e), the photoluminescence (PL) spectrum
of ZnONRs in the ultraviolet region exhibits a strong near-band-
edge (NBE) emission peak at 386 nm, characteristic of its direct
Fig. 5 I–t curves of the ZnO device under the consecutive on/off light illu
LED and (f) UV LED.

© 2025 The Author(s). Published by the Royal Society of Chemistry
bandgap emission. The peak intensity and position of this NBE
emission indicate that the ZnO NRs possess good crystallinity
with relatively low defect density. However, in the ZnO/teven-
518 heterostructure, the main emission peak blue-shis to
382 nm. This shi is attributed to the modulation of surface
states by the teven-518 molecules, which reduces the surface
defect density and leads to a localized increase in the bandgap.
In contrast, no signicant PL signal is observed for the teven-
518 material alone in this region, indicating that teven-518
primarily acts as a surface modier rather than an active
light-emitting component in the heterostructure.
mination of (a) IR LED, (b) red LED, (c) green LED, (d) blue LED, (e) white
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The deep-level emission (DLE) of ZnO NRs at 524 nm is
another prominent feature in its PL spectrum and is closely
associated with defect states such as oxygen vacancies (V_O).
This defect-related emission reects the distribution of intrinsic
and surface defects within the ZnO material.23 In comparison,
the emission intensity in this region is signicantly reduced in
the ZnO/teven-518 heterostructure, indicating that the teven-
518 modication effectively suppresses defect-state-related
luminescence in ZnO. This suppression can be attributed to
Fig. 6 I–t curves of the ZnO/teven-518 device under the consecutive o
LED, (e) white LED and (f) UV LED.

43770 | RSC Adv., 2025, 15, 43763–43773
the formation of an organic overlayer by teven-518 molecules on
the ZnO surface, which passivates existing surface defect states.
Furthermore, the incorporation of teven-518 enhances the
separation efficiency of photogenerated electron–hole pairs at
the ZnO/teven-518 interface, thereby further diminishing the
radiative recombination associated with deep-level defects.

The emission in the red-light region is concentrated between
696–704 nm and primarily originates from radiative recombi-
nation associated with deep-level defect states, as seen in Fig.
n/off light illumination of (a) IR LED, (b) red LED, (c) green LED, (d) blue

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4f. In the PL spectrum of pure ZnO NRs, a prominent emission
peak appears at 704 nm, indicating a high activity of deep-level
defects. In contrast, for the ZnO/teven-518 heterostructure, the
emission peak is blue-shied to 696 nm, and its intensity is
signicantly reduced, suggesting that the teven-518 modica-
tion effectively passivates the deep-level defects in ZnO NRs.
Additionally, the teven-518 material itself exhibits a red emis-
sion peak at 702 nm, indicating that teven-518 inherently
possesses strong red-light emission properties. This emission is
attributed to specic luminescent functional groups within the
teven-518 molecular structure, which complement the red
emission characteristics of ZnO in this spectral region.

The mechanism of optical sensing mainly comes from the
combined effect of electron–hole pairs generated by photoex-
citation, which react with the oxygen ions adsorbed on the
surface of ZnO NRs, leading to the reduction of depletion
regions. When photogenerated electrons migrate through the
conduction band of ZnO NRs, they can ow through an external
circuit, resulting in a measurable photocurrent. ZnO has
a bandgap of 3.20 eV, while the organic material teven-518 has
Fig. 7 Machine identification analysis diagram for the (a) ZnO-based and
illumination from six different sources. The light sources are labelled as f
LED (4), and UV LED (5).

© 2025 The Author(s). Published by the Royal Society of Chemistry
a bandgap of 1.81 eV. Fig. 4(g) shows the energy band alignment
of the ZnO/teven-518 heterostructure. When irradiated with
light, teven-518 can absorb visible and ultraviolet light to
generate electron–hole pairs, and the heterostructure of ZnO/
teven-518 forms an appropriate band step at the interface, so
that photogenerated electrons mainly accumulate in the
conduction band of ZnO NRs, and the photogenerated holes
migrate to the valence band of teven-518, so that the signal
generated by the light can be effectively detected.

Pure ZnO NRs are a typical wide-bandgap semiconductor
material with an energy gap of about 3.20 eV, corresponding to
the abruption in the ultraviolet region (wavelength less than 370
nm). In ZnO NRs with intact structures and low defect density,
the electronic energy state is concentrated within the valence
band and the conduction band, and there is no intermediate
energy level or trap state in the bandgap, so its light response is
mainly limited to the ultraviolet band. However, for long-
wavelength light sources with low energy, i.e., visible light
such as blue, green, and red, the photon energy is not strong
enough to overcome the bandgap of ZnO to effectively excite
(b) ZnO/teven-518-based devices under the consecutive on/off light
ollows: white LED (0), green LED (1), blue LED (2), infrared LED (3), red
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electron–hole pairs, so there is almost no photocurrent
response, as shown in Fig. 5.

In contrast, the ZnO/teven-518 heterostructure device
exhibits obvious photocurrent response under red, blue, green,
and white LEDs illumination, as shown in Fig. 6. The results
show that the PD based on the ZnO/teven-518 heterostructure
has successfully extended its light response range to the visible
region. This improvement can be attributed to the fact that
teven-518 absorbs visible light and generates electron–hole
pairs, which can be efficiently injected into the conduction
band of ZnO NRs, where photocurrent is formed through the
external circuitry. These results show that the modication of
the organic material teven-518 can effectively improve the
sensing ability of ZnO NRs devices for visible light, demon-
strating the potential of this heterostructure in the development
of full-spectrum optical sensors.

Through model simulation and learning, we have integrated
the photodetection measurements of ZnO NRs-based PDs
combined with teven-518 under six different light sources into
a 1D CNN model. The data processing ow chart is shown in
Scheme 1. First, the time-series I–t data were segmented into
xed-length intervals, with each segment labelled according to
its corresponding class. The dataset was then divided into
training and testing sets, and the CNN model was trained using
these photodetection signals. Aer evaluating the model's
performance on both the training and testing data, a confusion
matrix was generated to calculate the classication accuracy. In
the confusion matrix, labels 0 to 5 correspond to the devices
under consecutive on/off light illumination from six different
sources: white LED (0), green LED (1), blue LED (2), infrared
LED (3), red LED (4), and UV LED (5), respectively. The results
shown in Fig. 7 reveal that the model can clearly distinguish
between different light sources. In particular, the ZnO NRs-
based PDs exhibited a strong concentration along the diag-
onal of the confusion matrix, indicating high classication
accuracy; a similar trend was observed when combined with the
organic compound teven-518. Furthermore, the time-domain
features learned by the CNN model were highly consistent
with the actual measurement results, further validating the
effectiveness and reliability of the photodetection system.
4 Conclusions

We have developed a ZnO NRs/teven-518 heterojunction-based
light sensor with signicantly improved photocurrent
response, carrier separation, and transport efficiency compared
to pure ZnO sensors. The sensor showed fast response, high
stability, and long-term reliability, with photoluminescence
conrming reduced carrier recombination. Additionally, a 1D
CNN was applied to time-series data from photocurrent
responses, achieving high classication performance with
precision, recall, and F1-scores. Grad-CAM analysis revealed the
model's sensitivity to key signal features, aligning with experi-
mental results. This work highlights the potential of organic–
inorganic composites in optical sensing and paves the way for
future intelligent sensing technologies.
43772 | RSC Adv., 2025, 15, 43763–43773
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