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We report a wavelength-dependent bidirectional photoconductivity along with reversible switching behavior in
a room-temperature, air-stable, two-terminal optoelectronic device based on a composite of carbon quantum
dots (CQDs) dispersed in an indigo molecular matrix. The distinct dual-mode photoresponse arises from the
complementary absorption characteristics of CQDs indigo molecules.
photoconductivity (NPC) is observed under ultraviolet (UV) excitation, while exposure to visible light induces

and Specifically, negative
positive photoconductivity (PPC). The transition from NPC to PPC is governed by wavelength-dependent
mechanisms involving charge carrier recombination, competitive trapping of photo-excited electrons in defect
states associated with CQDs, and the efficient generation of electron—hole pairs within the indigo molecular
framework. Notably, the switching between PPC and NPC is fully controlled by the excitation wavelength with-
out any change in device configuration or bias polarity. Under UV illumination at 275 nm, the device exhibits
high responsivity (R = 1947.66 mA W™1), an ON/OFF ratio of 5.82, and enhanced detectivity (D* = 3.94 x 10*

Received 5th May 2025, Jones). Furthermore, both PPC and NPC modes demonstrate significant improvement in detectivity compared

Accepted 22nd June 2025 to previously reported organic and many inorganic photodetectors. This dual-mode photoconductive behavior
DOI: 10.1039/d5ma00439; in a single device architecture not only enables spectral selectivity but also paves the way for multifunctional

optoelectronic applications. The CQD-indigo composite is thus a highly promising active material for broad-
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1 Introduction

In optoelectronics, studying how light interacts with semicon-
ducting materials has been key to improve technologies used in
sensing, computing, and energy conversion." These interactions
help us design devices like sensors, solar cells, and optical
communication systems that are more efficient and versatile.>
One of the fundamental phenomena arising from light-matter
interaction is positive photoconductivity (PPC), wherein semi-
conductors absorb photons of energy exceeding their band gap,
create electron-hole pairs that enhance electrical conductivity.**
PPC has been extensively explored in conventional optoelectro-
nic devices such as photodetectors, photodiodes, phototransis-
tor, and optical memories which rely on increased carrier
densities to facilitate efficient light-to-electricity conversion.”®
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band photodetection, optoelectronic memory, and neuromorphic device platforms.

This mechanism forms the backbone of numerous light-based
technologies, enabling their application in imaging,” commun-
ications,® and energy harvesting® etc.

In contrast, the phenomenon of negative photoconductivity
(NPC) - characterized by a reduction in conductivity upon light
exposure represents an intriguing and less conventional
behavior."® While NPC is less commonly observed, it has garnered
significant attention due to its potential in next-generation optoe-
lectronic systems.'"'> The underlying mechanisms for NPC are
multifaceted and include processes such as surface molecule
adsorption/desorption,'"* carrier trapping,'"” and thermal
effects.”® Additional explanations such as the scattering of charge
carriers by defect states, enhanced recombination of majority
carriers in traps, the formation of polarized defect regions, and
the capture of carriers by metastable defect states have also been
proposed.’® Despite these insights, a clear and unified under-
standing of NPC mechanisms remains elusive, posing challenges
for experimental validation and application.'” From the applica-
tion point of view, the integration of PPC and NPC within a single
device offers exciting possibilities for complementary (or dual
mode) photoresponse characteristics, enabling functionalities far
beyond what is achievable with traditional photoconductive

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-1761-1970
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00439j&domain=pdf&date_stamp=2025-06-27
https://doi.org/10.1039/d5ma00439j
https://doi.org/10.1039/d5ma00439j
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00439j
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006015

Open Access Article. Published on 27 June 2025. Downloaded on 4/19/2026 7:12:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

devices.'®*°

This dual mode behavior not only improves the
adaptability of optoelectronic devices, but also opens the door
to innovative applications in optoelectronic logic circuits, image
sensing systems, and neuromorphic computing.>**! These systems
can leverage light-induced changes in conductivity to perform
complex signal-processing tasks with remarkable speed and
energy efficiency. Moreover, NPC’s inherent low-energy con-
sumption and fast response characteristics make it particularly
appealing for energy efficient device operation.>* Several materials,
including OD-quantum dots,”® 1D-nanomaterials like GaN
nanorods® and InAs nanowires,”® perovskites,”®*” transition
metal dichalcogenides (TMDs) like PtSe,,*® and other 2D-
materials like black phosphorus and hexagonal boron nitride,
have been reported to exhibit both positive and negative
photoconductivity effects, making them promising candidates
for optoelectronic applications. There are limited reports on
negative photoconductance (NPC) and the transition between
NPC and positive photoconductivity (PPC) as a function of
wavelength of the light from organic molecular based devices.
Investigating these phenomena could provide deeper insights
into charge transport mechanisms, enabling the development
of advanced optoelectronic devices with tunable photore-
sponse, multi-state memory, and neuromorphic computing
applications.?

Multi-wavelength photodetection has been extensively
explored using diverse material systems, including both single
component materials and heterostructures. Porous silicon
nanowires have demonstrated simultaneous detection of red,
green, and blue light,*® whereas Cs,Snls perovskites exhibit
broadband detection with high responsivity and detectivity.*
Furthermore, single-material photodetectors, such as AlInN
films, have shown a broad spectral response from UV to the
visible range,*” and MoS,-based devices exhibit high detectivity
at multiple wavelengths.*® Black phosphorus has also been
used for multi-spectral imaging covering visible and infrared
regions.®® Moreover, several heterostructure-based devices
demonstrate multi-wavelength detection capabilities, as seen
in azobenzene polymeric ionic liquid photodetectors, which
respond to both UV and visible light.>* NiO/Si-based devices,
which exhibit wavelength-dependent responsivity for 365 nm,
625 nm, and 850 nm>® shows broadband (UV-NIR) photodetec-
tion but without any bidirectional response. Recent advances in
graphene/ZnO-based heterojunction photodetectors have
demonstrated impressive UV and broadband performance,
benefiting from efficient charge separation at the interface
and the high carrier mobility of 2D materials.*”°

The wavelength-dependent transitions between negative
photoconductivity (NPC) and positive photoconductivity (PPC)
(known as the bidirectional optical responses) are primarily
achieved using bilayers or heterostructures. For instance, black
phosphorus/MoS, heterostructures enable photocurrent polar-
ity switching driven by variations in the wavelength of the
incident light.>® Similarly, CsPbX,;/ZnO heterojunction®®*!
showed negative photoresponse at lower intensities (1 =
365 nm and 525 nm), but showing a positive photoresponse
at very high intensity indicate a possible emulation of retinal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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neurons and artificial human visual system. Similarly, bilayer of
p-MoTe,/n-SnS, heterojunction exhibit excitation wavelength-
dependent transitions between NPC and PPC.** Such devices
are extremely important to emulate certain characteristics fea-
ture of artificial synapses such as colored pattern recognition,
image perception and embedding logic functions.

However, achieving a wavelength-dependent bidirectional
response in a single-layer system remains a challenge. If a
single layer system show the wavelength dependent photore-
sponse, it not only reduces the complications of device archi-
tecture, but also the fabrication process. This study explores
a single-layer composite film comprising of an indigo film
embedded with carbon quantum dots successfully demonstrating
wavelength-dependent bidirectional photoconductivity. This CQDs
+ indigo composite material exhibits exceptional wavelength
dependent photoresponse demonstrating negative photoconduc-
tivity under exposure to ultraviolet (UV) light (275 nm and 375 nm)
and positive photoconductivity under blue (455 nm), green
(530 nm), yellow (590 nm), and red (630 nm) light. The ability of
the device to transition between NPC and PPC under varying
illumination conditions provides an effective approach for multi-
functional optoelectronic applications and holds significant pro-
mise for a broad range of applications, including photodetectors,
artificial synaptic devices, and memory devices.*"** Since our
device comprises single molecular layer, it reduces the complex-
ities of device structure and manufacturing capabilities compared
to devices comprising of multilayers. By combining flexibility, low
power consumption, and a wide spectral response, the device
paves the way for the development of next-generation, energy-
efficient, and flexible electronic systems. Furthermore, its ability to
mimic synaptic functions through light-modulated signal proces-
sing makes it a key candidate for emerging neuromorphic comput-
ing platforms.

2 Experimental section
2.1 Material synthesis

This study utilized green fluorescent carbon quantum dots
(CQDs) synthesized through our previously reported method.**
Commercially available jaggery was annealed at 200 °C, and a
optimized process resulted in CQDs with a size range of 3.5-
4.5 nm, as confirmed by transmission electron microscopy. For
detailed synthesis procedures, refer to our previous publication.**
In this study, we primarily focus on the optical measurements of
carbon quantum dots (CQDs) by forming a composite with
naturally occurring indigo molecules, which are plant-derived.
Different light-emitting diodes (LEDs) with various wavelengths
are used as illumination sources to investigate the photoresponse
of the composite.

2.2 Device fabrication

The indigo molecular solution was prepared by dissolving
0.3 g of indigo in 7 ml of methanol, followed by ultrasonication
for 30 min. Next, the pre-synthesized CQDs/methanol solution
was added, and the mixture was further ultrasonicated for

Mater. Adv,, 2025, 6, 5210-5220 | 5211


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00439j

Open Access Article. Published on 27 June 2025. Downloaded on 4/19/2026 7:12:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

30 min to ensure uniform dispersion of CQDs within the indigo
matrix. Pre-fabricated Pt electrodes (MICRUX Technologies)
with a 10-micron separation were used for device fabrication,
as illustrated in Fig. 1(a). The CQDs-indigo solution was drop-
casted on the electrodes and dried at 100 °C for 4 to 5 hours to
remove the solvent. The active material was drop-cast onto the
platinum electrode, forming a circular film with a diameter of
3.5 mm. The effective area of the device probed during mea-
surements was 9.62 mm?. Each Pt electrode is 150 nm thick,
and the overall interdigitated electrode chip contains 90 pairs
of such Pt electrodes. Electrical conductivity measurements
were performed using a Keysight B2902B source meter in both
DC voltage sweep and pulsed mode configurations. For light
sensing measurements, UV LEDs with wavelengths of 275 nm
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and 375 nm and visible light LEDs at 455 nm (blue), 530 nm
(green), 590 nm (yellow), and 630 nm (red) were used as
primary light sources. Another Keysight B2902B source meter
was employed to ensure precise modulation of the optical
stimuli. The illumination intensity was also calibrated using a
photodetector. The distance between the light source and the
device was kept at 1.2 cm. Fig. 1(a) and (b) shows the device
configuration of a two-terminal photoresponsive device.

3 Results and discussions

It is important to understand the light absorption properties of
the CQDs and indigo layers independently. Fig. 1(c) shows the
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Fig. 1 Device configuration and electrical characteristics of a two-terminal photoresponsive device. (a) Schematic of the device, where the active layer
consists of carbon quantum dots (CQDs) embedded in indigo, with platinum (Pt) electrodes (150 nm thick) arranged in an interdigitated pattern
containing 90 pairs of electrodes. (b) Schematic illustration of two probe Pt/CQDs + indigo/Pt synaptic device. The device is exposed to lights of various
wavelengths (275 nm, 375 nm, 455 nm, 530 nm, 590 nm, 630 nm), one LED is kept ON at one time. (c) The UV absorbance spectra reveal that indigo
exhibits absorbance peaks in both the UV and visible regions, while CQDs show a distinct peak only in the UV range. (d) Current-voltage (/-V)
characteristics measured using a two-probe setup for various bias voltages, showing distinct non-crossing behavior of the /-V curve and the presence of
negative differential resistance (NDR) in both positive and negative bias regions. (e) /-V characteristics under varying scan rates, demonstrating the
consistency of the hon-crossing /-V response and NDR. (f) -V curve with scan range +5 V and scan rate 1V s~*, divided into four regions where different
conduction mechanisms prevail.
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UV-visible absorption spectra of carbon quantum dots (CQDs)
and indigo. CQDs (red curve) show two sharp peaks in the UV
region (~260 nm and ~300 nm) with minimal absorbance in
the visible range, indicating UV-specific optical activity. In con-
trast, indigo (blue curve) exhibits strong absorbance in the UV
and a broad band across the visible region (400-700 nm),
enabling wide-range light absorption. This complementary beha-
vior makes the CQD-indigo combination promising for broad-
band optoelectronic applications. Based on these observations,
we fabricated two-terminal Pt/CQDs-indigo/Pt devices and was
exposed to light of various wavelengths, ranging from deep UV
(275 nm and 375 nm) to visible wavelengths, including blue
(455 nm), green (530 nm), yellow (590 nm), and red (630 nm).
The current-voltage (I-V) characteristics for various bias vol-
tages measured using a two-probe setup, is shown in Fig. 1(d)
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which reveal a distinct non-crossing behavior of the I-V curve and
negative differential resistance (NDR) in both the positive and
negative bias regions. Notably, this behavior persists even with
variations in the scan rate shown in Fig. 1(e), further reinforcing
the consistency of the observed non-crossing I-V response and
NDR. The occurrence of NDR can be attributed to different
reasons. The interaction of adsorbed water molecules with vacan-
cies, carrier trapping at interfacial defects, and trapping/detrap-
ping of the charge carriers at different interfaces and defect
sites.*>*® We believe that the NDR in our device originates from
the defect states available in the CQDs. However, the appearance
of NDR is not affected by the scan rate or the intensity of UV light,
confirming the contribution from the defect states in CQDs. The
non-crossing I-V clearly indicate that the device exhibits a combi-
nation of both electronic and ionic conduction, which contributes
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(a) Light ON and OFF measurements of the Pt/CQDs-indigo/Pt device under illumination with various wavelengths. The device exhibits a

negative photoconductive (NPC) response under UV light (275 nm and 375 nm) and a positive photoconductive (PPC) response under visible light
(455 nm, 530 nm, 590 nm, and 630 nm). (b) Energy band diagram of the Pt/CQDs-indigo/Pt device under equilibrium conditions, illustrating the band
gaps of CQDs (3.14 eV) and indigo (2.53 eV). (c) Energy band diagram of the Pt/CQDs-indigo/Pt device under UV light exposure (275 nm and 375 nm).
The diagram highlights the recombination of charge carriers and trapping at the surface defect sites in CQDs, leading to a negative photoconductive
(NPC) effect. (d) Energy band diagram of the Pt/CQDs—-indigo/Pt device under visible light exposure (455 nm, 530 nm, 590 nm, and 630 nm). The diagram
emphasizes the photogenerated charge carriers from indigo and their contribution to the observed positive photoconductivity.
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to the unique transport properties observed in the system. Since
our devices show appreciable difference in the high resistance
state (HRS) and low resistance state (LRS), we can measure
‘memory window’ which is an essential parameter for memory
applications. To do that, I-V sweeps are performed with a
constant positive voltage and a varying negative bias as shown
in Fig. S1(a) (ESIT). Similarly, Fig. S1(b) (ESIt) displays the I-V
characteristics under a constant negative voltage with a varying
positive bias. Fig. S1(c) (ESIT) illustrates the memory window for
both positive and negative constant bias sweeps, confirming a
distinguishable separation between the high-resistance state
(HRS) and low-resistance state (LRS), which is essential for
reliable memory operation. To understand the conduction
mechanism, we selected one of the I-V curves, with a bias voltage
range of +5 V and a scan rate of approximately 1 Vs~ as shown
in Fig. 1(f). The voltage sweep followed the sequence —5 V —
OV > +5V - 0V - —5 V. For clarity, we can divide the I-V
curve into four distinct regions, each corresponding to a differ-
ent conduction mechanism. In the region 1, the conduction is
dominated by the Schottky emission and for further application
of bias, a negative differential resistance region can be observed
(region 2). This is followed by an Ohmic region at higher
bias (region 3). Upon reversing the scan, current follows a
space-charge limited conduction (region 4) and trap-limited
conduction.**

The photoresponse studies are carried out by exposing the
device to light of different wavelengths individually. Interestingly,
UV light (both 275 nm and 375 nm) produces negative photo-
response, while the device shows positive photoresponse to
optical light (455 nm, 530 nm, 590 nm and 630 nm respectively).
We kept the LED’s ON for 300 s and then switched OFF for 300 s
and this is repeated for 3 cycles. The photoresponse of the devices
for light of various wavelengths is shown in Fig. 2(a). For the UV
light (275 nm and 375 nm), the photocurrent reduces when light
is ON and the current regains its original value when the light is
switched off. On the other hand, when the device is exposed to
light with wavelength in optical region (455 nm, 530 nm, 590 nm
and 630 nm respectively), we can clearly see an opposite trend.
The photocurrent increases exponentially when the light is ON
and decays exponentially when the light switched off. This
behavior can be explained using the energy band diagram (shown
in Fig. 2(b)) and UV-vis spectroscopy data. Indigo has a band gap
of 2.53 eV, while CQDs have a larger band gap of 3.14 eV, and the
respective energy gap are calculated using the Tauc plot shown in
Fig. S2(a) and (b) (ESIt), respectively.

Even though the devices show a negative photoresponse,
surprisingly, the memory characteristics are retained even after
exposing the devices to UV light. To confirm this, we measured
the endurance characteristics under repeated read-write—erase
cycles in dark and under UV illumination at 275 nm and 375 nm
wavelengths with a constant power density of 19.57 pW cm ™2,
The memory state is written at +5 V and erased at —5 V, while
measuring at +2 V as shown in Fig. S3 (ESIt). In the dark, the
device exhibits a stable switching behavior with a resistance
window (AR) of 1.736 MQ between the high-resistance state
(HRS) and low-resistance state (LRS) as shown in Fig. S3(a)

5214 | Mater. Adv, 2025, 6, 5210-5220

View Article Online

Paper

(ESIt). Upon exposure to UV light, the device demonstrates
negative photoconductivity, as evidenced by an increase in both
HRS and LRS resistance values. As shown in Fig. S3(b) and (c)
(ESIt) under 375 nm illumination, AR increases to 3.204 MQ,
while under 275 nm illumination, a significantly larger AR of
9.74 MQ is observed, indicating a more pronounce modulation
of photo-induced resistance. This enhancement in resistance
window under UV exposure suggests improved distinguishability
between memory states, which is advantageous for reliable
readout in non-volatile memory and optoelectronic synaptic
applications.

When the device is exposed to UV light (275 nm and
375 nm), both CQDs and indigo absorb the light and generate
electron-hole pairs, as both materials have absorbance peaks
in this UV region. As shown in Fig. 2(c), the photogenerated
charge carriers, in the CQD-indigo composite can undergo
recombination either between carriers originating from differ-
ent materials or through trapping at surface defect states
within the carbon quantum dots (CQDs). These surface defects
act as localized states that capture charge carriers, preventing
them from contributing to the current flow. As a result, the
overall number of free charge carriers available for conduction
decreases, resulting in the reduction of the current when the
device is exposed to UV light. Process of recombination of
charge carriers and trapping at defect sites in the CQDs results
in a negative photoconductive effect (NPC).

When the Pt/CQDs + indigo/Pt device was exposed to visible
light, only the indigo component effectively absorbs the light
and generated electron-hole pairs. As shown in Fig. 2(d), under
visible light, the Pt/CQDs + indigo/Pt device exhibits a pro-
nounced positive photoresponse primarily due to absorption
by indigo which shows strong absorption in the visible region,
facilitating efficient electron-hole pair generation. In contrast,
CQDs exhibit negligible absorption in this wavelength range and
contribute minimally to carrier generation. Thus, the observed
photocurrent enhancement is mainly attributed to indigo.

The negative photoresponse is further analyzed by measur-
ing the I~V curves under different UV light intensities. We
exposed the device to 275 nm light with various intensities
and recorded I-V curves and compared them with measure-
ments taken in the dark. The photoresponse of the device at
various intensities is a very important parameter if such system
to be used for the development of optoelectronic neuromorphic
devices for human visual system. As the UV-light intensity
increased from 13.88 pW cm 2 to 32.45 uW cm 2, the current
levels in the I-V curves progressively decreased compared to the
dark state as shown in Fig. 3(a). A clear negative photoresponse
is seen which agrees very well with the characteristics shown in
Fig. 2(a). To quantify the negative photoresponse, we monitor
various current levels in LRS state at £2 V. As shown in
Fig. 3(b), the device generates very good photoresponse even
for a very low light intensity of 13.88 pyW c¢cm 2. Initially, in the
dark state, the current levels in the LRS at +2 V was ~1.845 pA
on the positive voltage side and 2.043 pA on the negative voltage
side. However, upon UV illumination and with increasing light
intensity, the current levels decreased to 0.7 pA on the positive

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00439j

Open Access Article. Published on 27 June 2025. Downloaded on 4/19/2026 7:12:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
a. . b.
275nm UV Light . DARK * +veside
4 i——13.88 pW/em® s ~veolde
: 15.22 pW/em?* 200 Foa,
1957 pW/em® R Yy
<3 ——22.65 pW/em? = SRS
2 2918 pW/em? 5; 16 s
— 32,45 pW/em' = *~ \
> s
E2 Z 12t Y
3 = AN
|©] ] f \\:
i y 08F  vr=2v N %
0 ’.- 0‘4 C I L L 1 1 I L
5 4 3 2 1 0 1 2 3 4 5 0 5 10 15 20 25 30
Voltage (V) Power of 275 nm UV (pW/cmz)
C. d.
——DARK .
375nm UV Light ~ ——13.88 pW/em? * +veside
4 1522 pW/em? 20k o -veside
1 19.57 pW/cm® S
= ——22.65 pW/em® ~ e '
g 3 29,18 pW/em? <15- .. \
E 13245 pW/em’, M ~
£, : £10f i.
= - ; s
© o %‘:\
st 2
s O5F vr=2v %i
0.0
0 i = 1 | 1 L I 1 1 1
5 4 3 2 10 1 2 3 45 5 0 5 10 15 20 25 30 35
Voltage (V) Power of 375 nm UV LED (pW/rmz)
€.
N o * 275mm UV LiFhl o e 375nm UV Light
32.45 pW/em? ne 32.45 pW/em?
3° 2sf
F z o
E ¢ £208
8 =
o <
2 1F
0 of
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time(s) Time (s)
Fig. 3 (a) /-V characteristics under 275 nm UV light, showing negative photoresponse as current decreases with increasing intensity. (b) Current levels in

the low resistance state (LRS) at 2 V for positive and negative voltage regions under 275 nm UV illumination, decreasing with higher intensity. (c) /-V
characteristics under 375 nm UV light, showing a similar negative photoresponse. (d) Current at 2 V in LRS under 375 nm UV light, also decreasing with
intensity. (e) Single-cycle light-on and light-off response under 275 nm UV illumination. The current initially increases due to charge carrier generation
(region 1), followed by a linear decrease due to carrier trapping and recombination (region 2). After the light is switched off, the current gradually recovers
to its initial state (regions 3 and 4). (f) Single-cycle light-on and light-off response under 375 nm UV illumination, showing similar dynamics to those

observed under 275 nm illumination.

side and 0.67 pA on the negative side, respectively. Similar trend
was observed when the device was exposed to 375 nm UV light. A
clear reduction in current levels at the read voltage of £2 V was
observed in the low resistance state (LRS), indicating negative
photoconductivity (NPC) behavior (refer Fig. 3(c)). In DARK
condition, at 2 V, the current was ~1.845 pA on the positive
voltage side and 2.043 pA on the negative voltage side. However,
as the intensity of 375 nm light was increased to 32.45 uW cm 2,
the current levels significantly dropped to approximately
0.344 pA on both the positive and negative voltage sides and
the overall trend is plotted in Fig. 3(d). The reduction in the area
under the hysteresis curve can be directly correlated to the
memory retained by the devices with the light exposure. This
also gives an additional proof for the negative photo response.
When the device is exposed to 275 nm UV light, the initial
increase in the photocurrent is due to the fast generation of
charge carriers. This behavior can be accurately fitted using a
single exponential function, which is attributed to the absorp-
tion of UV light by both carbon quantum dots (CQDs) and

© 2025 The Author(s). Published by the Royal Society of Chemistry

indigo molecules (shown as region 1, Fig. 3(e)). However, as the
device is exposed further, the current begins to decrease
linearly (shown as region 2, Fig. 3(e)) due the recombination
of the photogenerated charge carriers produced by both CQDs
and indigo and the trapping of carriers in the surface defects of
CQDs. The role of surface defects in CQDs, which act as trap
states which effectively reduce the free carrier density leading to
a gradual reduction in current.*”~*° This combined effect of an
initial increase followed by a subsequent decrease in current
under UV exposure can be interpreted as a manifestation of
negative photoconductivity (NPC). After light is switched off the
charge carriers slowly released by the trap and go back to their
initial state.>” Therefore, the current then slowly recovers and
returns to its initial state (regions 3 and 4 in Fig. 3(e)). Similar
behavior is also seen when the device is exposed to UV 375 nm
LED. The competition between the generation of charge car-
riers and trapping by the CQDs could be consistently seen for
10 consecutive cycles under both the UV LED as shown in Fig.
S4 (ESIf).
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After characterizing the device under UV light, we investi-
gated the photoresponse to visible light at different wavelengths
such as blue (455 nm), green (530 nm), yellow (590 nm), and red
(630 nm) by keeping the intensity of 32.85 mW cm 2 I-V
measurements were initially conducted in the dark. Subse-
quently, the device was exposed to LED light sources corres-
ponding to each wavelength. The results showed a significant
enhancement in current under visible light exposure compared
to the dark condition, as shown in Fig. 4(a). The photoresponse
shows completely opposite trend showing positive photoconduc-
tive response (PPC) under all the visible lights checked. Among
the tested wavelengths, the enhancement in current was highest
for blue light, followed by green, yellow, and red. This trend
aligns well with the photon energy of these wavelengths, with
blue light having the shortest wavelength has the photons with
highest energy. The photon energy in blue light is sufficient to
generate the photo-induced charge carries easily resulting in
larger current enhancement compared to longer wavelengths
like red, which have lower photon energy. For a comparative

View Article Online
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analysis, the current at 3 V is extracted from the I~V curves. The
difference in current was calculated with respect to the dark
current conditions (Al = Ljsiblelight — ldark) @S shown in Fig. 4(b).
There is non-monotonous reduction in the photocurrent as we
expose the device with light of longer wavelength. This observa-
tion highlights the inverse relationship between photon energy
and photoresponse, where shorter wavelengths, generate higher
current.

The dependence of photocurrent with intensity of light is an
important aspect of neuromorphic vision sensor. In this case,
the device should show photocurrent even for very low intensity
of radiation. We checked the dependence of photocurrent with
intensity in each case. The light was kept ON for 300 s and
switched OFF for 300 s. We monitored the photocurrent as the
results are shown in Fig. 4(c)-(f). For blue light (as shown in
Fig. 4(c)), though it shows the positive photoconductivity, the
photogeneration of charge carriers mainly come from the indigo
layer which the CQD’s do not contribute to the photogeneration
of the charge carriers. The photocurrent exponentially increases

a b.
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Fig. 4

(a) Current-voltage (/-V) characteristics of the device in the dark and under visible light illumination (blue, green, yellow, and red). A significant

positive photoconductivity (PPC) response is observed, with blue light showing the highest current enhancement. (b) Plot of current difference (Al =
Lisible light — laark) @t 3 V versus the wavelength of incident light. Blue light exhibits the largest A/, followed by green, yellow, and red, reflecting the trend in
photon energy. (c) Positive photoconductivity in Pt/CQDs + indigo/Pt devices when exposed to blue light of various intensities. ON/OFF response under
blue light exposure shows repeatable and stable positive photoconductivity with reversible current changes. (d)-(f) Positive photoconductivity in Pt/
CQDs + indigo/Pt devices when exposed to green, yellow, and red light, respectively, at three different light intensities. Higher intensities correspond to
higher number of photons generating electron—hole pairs resulting in greater current responses.
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within the exposure time and exponentially reduces when the
light is switched off. It is interesting to note that the photo-
response is linear for longer wavelength (refer Fig. 4(d)-(f))
indicating the possibility of using (CQD + indigo) composite
long wavelength optoelectronic applications.

The measurements were repeated for three ON/OFF cycles and
the photoresponse show similar trend. The results show that as
the intensity of the blue light increases, the magnitude of the
current change also increases indicating an efficient photogenera-
tion of charge carriers leading to a larger photocurrent response.
Similar observations were made when the device was exposed
to green, yellow, and red light, (shown in Fig. 4(d)-(f)) at three
different intensities. In all cases, the current increase was more
pronounced at higher light intensities, reinforcing the correlation
between light intensity and charge carrier generation within
the device. These measurements clearly indicate a positive
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photoconductivity in (indigo + CQD) composite device. Combin-
ing it with the negative photoresponse for UV light, such devices
could be used in potential photodetectors and optoelectronic
devices for neuromorphic vision sensors. To analyze the devices
photoresponse under visible light, a fixed light intensity of
32.85 mW cm 2 was selected for all measurements, as shown in
Fig. 5(a). Comparing the photocurrent generated showed consis-
tent trend with the earlier findings from the -V measurements
shown in Fig. 4(a). Specifically, the increase in current under blue
light (455 nm) was observed to be the most pronounced, followed
by green (530 nm), yellow (590 nm), and red (630 nm).

To quantify the change in current during illumination, we
defined I; as the initial current level in the dark and I, as the
current level after switching the light on. The change in current,
(AI = I, — I,), was calculated for each wavelength. The results
are plotted as AI versus the wavelength of the LEDs, as shown in
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Fig. 5 (a) ON—OFF measurements under visible light at 32.85 mW cm™2, showing the highest current increase for blue light (455 nm) and progressively
lower increases for green (530 nm), yellow (590 nm), and red (630 nm).(b) Plot of current change (AA) versus wavelength, highlighting maximum
enhancement for blue light, decreasing for longer wavelengths. (c)-(f) Dynamic response analysis for each wavelength (455, 530, 590, 630 nm), with
current rise and decay fitted using exponential growth and decay functions. Shorter wavelengths show faster rise times (t,ise) and varied decay times
(tgecay). indicating efficient carrier dynamics.
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Fig. 5(b). This plot clearly illustrates the trend of current
enhancement, with the maximum Af observed under blue light
and progressively lower values for green, yellow, and red light.
To understand the device’s dynamic response to visible light,
we selected one ON-OFF cycle from each set of measurements.
The rise in current when light is ON and the decay in current
when light is OFF is analyzed.

The rise in current during the light ON phase was modeled
using the single exponential growth function:

o
I(1) = Ligal + Al <efrisc> )

where I(t) is the current at time ¢, Iin;ar is the initial current
before the light is switched on, AI is the maximum change in
current upon illumination, and 7, is the time constant

representing the rate of carrier generation and transport. The
t
term e@iss represents the exponential increase of the current

over time. The values for 7., are 124.6 s (blue), 264.6 s (green),
2846.8 s (yellow), and 993.5 s (red), showing the fastest
response to blue light. A smaller 7,4, indicates a faster response
to light. The rise in current was more pronounced for shorter
wavelengths like blue (455 nm) and then green (530 nm) due to
the higher photon energy and greater carrier generation. Simi-
larly, the decay in current during the light OFF phase was
modeled using the single exponential decay function:

_ =1y
1(t) = Inar + AT <e fdecay) 2)

where I(¢) is the current at time ¢, ¢, is the time at which the
light is switched off. If,,; is the baseline current after the light
is switched off (it may not always return to the initial dark
current due to persistent photoconductivity effects), Al is the
change in current at the beginning of the decay phase, and
Tdecay 1S the time constant representing the rate of carrier
(t=19)
recombination or trapping. The term e &=y ensures that the
current follows an exponential decay over time. A smaller Tgecay
means a faster recombination process, whereas a larger tgecay
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indicates a slower decay due to carrier trapping. The decay
times (tqecay), r€presenting carrier recombination or trapping,
varied across wavelengths, influenced by the energy of the
incident photons and the density of trap states within the
device. Tgecay for blue, green, yellow and red are 96.01 s,
313.86 s, 678.78 s, and 86.11 s respectively. Analyzing the time
constants reveals wavelength-dependent response trends, high-
lighting the device’s potential for dynamic photodetection and
wavelength-specific light sensing. The long 7,;se observed under
yellow light illumination (2846.8 s) is attributed to the com-
bined effect of slow charge transport in the CQDs-indigo
matrix and the presence of deep trap states. These traps capture
photogenerated carriers and gradually release them over time,
thereby delaying the steady-state current.

Photodetection performance of the fabricated device is
calculated in terms of responsivity (R) and detectivity (D*) as
follows:

AT
= p i ®
Pllght . Adev1ce
and
2el, =
, 2
D*:Rx(eddrk) (4)
Adcvicc

where Al is the change in current upon illumination, P, is
the power density of the incident light, Agevice is the active area
of the device, e is the electronic charge, and I, is the dark
current. These parameters provide a comprehensive under-
standing of the device’s ability to convert light into an electrical
signal (responsivity) and its capability to detect weak optical
signals against noise (detectivity). The calculated values of R
and D* for different wavelengths (UV and visible light) are
compared with previously reported devices in the literature.
The results, summarized in Table 1, demonstrate that our
device exhibits competitive performance in both UV and visible
regions. The responsivity is found to be higher under shorter
wavelengths in the visible spectrum (e.g., blue light). The
detectivity also followed a similar trend, indicating superior

Table 1 Photodetector materials, modulation methods, and performance metrics for all-optical bidirectional modulation devices

Material Exc. wavelength (nm) (PPC, NPC) modulator Responsivity (mA W™ ') Detectivity (Jones) ON/OFF ratio Ref.
MoS2/graphene/Ge 532, 1550 yl 8000, 1100 1x 10", 1 x 107 — 50
In,03/A1,0;/Y, 365, 808 ) 100, 380 — — 51
CsPbI;-ITO-NH]Js 405 Vps 3.3, 335 6.8 x 10°, 6.7 x 10" 2.5,1.8 52
CsPbBr;-ITO-NHJs 405 Vbs 6.1, 186 1.6 x 10, 4.9 x 10"°  2,1.9 52
MoS,/BP 840, 690 ) 200, —800 9.3 x 10% 5.6 x 10° 320, 100 29
CsPbBr3 QDs (7 nm) 365, 450 A 146, 1046 1.54 x 10", 1.65 x 10'" 64.4, 281 40

InSe, MLG/InSe 365 — 6.97, 18.8 1.2 x 10%°, 2.5 x 10'®  50.0, 180 53
NiO/NB-rGO 375 Bias voltage 800 9.4 x 10" 120 54
Multilayer MoS, 454, 980 A 1 x 108, 2.3 x 10° — 1.3, 1.01 55
Graphene/InSe/h-BN 405 Laser power 1.3 x 10, 1.1 x 10* — — 56
Bi,0,Se/graphene 635, 365 p) 8.8 x 10* 11 x 10* — 57

2D Cr,Ge,Teg 635 Light intensity 340 x 10° — — 58

CQDs + indigo 275, 375 J (NPC) 1947.66, 954.611 3.94 x 10™, 2.84 x 10" 5.82, 8.26 This work
CQDs + indigo 455 J. (PPC) 0.0053 417 x 10™ 35.22 This work
CQDs + indigo 530 /. (PPC) 0.012 3.76 x 10™ 120.33 This work
CQDs + indigo 590 J (PPC) 0.0096 9.92 x 10™ 11.74 This work
CQDs + indigo 630 2 (PPC) 0.0032 2.03 x 10™ 136.17 This work
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detection capability under high-energy photon illumination.
To highlight the continuous bidirectional modulation capability
demonstrated in this study, we provide a comparative analysis of
recent all-optical bidirectional modulation devices. This compar-
ison clearly shows that our device offers a remarkable balance
between responsivity and detectivity across a wide spectral range,
encompassing both UV and visible regions. These results under-
score its strong potential for multifunctional optoelectronic
applications, such as broadband photodetectors and optical
Sensors.

4 Conclusion

This work establishes the bidirectional photoresponse of
the Pt/CQDs + indigo/Pt device, with wavelength sensitivity
contributed by both CQDs and indigo, and demonstrates
its potential as a versatile and multifunctional platform for
advanced optoelectronic applications. In the UV region, the
device showcases a negative photoconductive (NPC) response,
attributed to carrier trapping and recombination phenomena,
which provides an additional functional dimension. The device
exhibits positive photoconductivity (PPC) under visible light,
showing small wavelength dependence, yet showing positive
photoconductivity. Furthermore, its dynamic response, charac-
terized by rapid rise and decay times, underscores the potential
of the device for real-time dynamic signal processing. This dual
response extends the operational bandwidth from visible to UV
regions, making the device suitable for broadband photodetec-
tion. Notably, the unique combination of PPC under visible
light and NPC under UV light enables novel applications in
optical synaptic systems. Visible light can effectively create
optical memory by leveraging the positive photoconductive
response, while UV light exposure offers a reliable mechanism
for memory erasure. These features highlight the device’s
potential for innovative neuromorphic computing architec-
tures, optical memory storage, and wavelength-selective photo-
detection systems.
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