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A synergistic ZnO/FAPbBr; nanocrystal n—n het-
erojunction for low-bias, fast, broadband photode-
tection and memristive applications

Cite this: Nanoscale, 2026, 18, 3723
Monisha Nayak,? Ashutosh Mohanty,? Pragalbh Kashyap, Abhijit Bar® and
Sudip K. Saha () *@

Heterojunctions formed between metal halide perovskites and wide-bandgap oxides have emerged as a
powerful platform for broadband photodetection, leveraging their complementary optoelectronic pro-
perties and tunable interfacial dynamics. In this study, we demonstrate the synergistic integration of an n—
n type-1l ZnO/FAPbBr; nanocrystal (NC) heterojunction, enabling efficient broadband photodetection at
low bias voltages with rapid response characteristics. Under white light illumination (48.27 mW cm™), the
device achieves peak photoresponse at a 1 V bias, exhibiting an impressive on/off current ratio of ~1.44 x
10*, a responsivity of 0.668 AW, and a specific detectivity of 7.78 x 10 Jones. The engineered interface
facilitates effective charge separation and transport, while the spectral overlap between ZnO and FAPbBr3
NCs extends the photoresponse across the visible and near-UV regions. Notably, the device demonstrates
a fast temporal response with rise and fall times of 80 ps and 90 ps, respectively—making it suitable for
high-speed imaging applications. Additionally, cyclic voltage sweeps reveal an analog switching behavior,
indicative of gradual conductance modulation. This memristive-like response suggests potential utility in
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neuromorphic systems, where such analog switching can emulate synaptic functionalities. Overall, the
ZnO/FAPbBrs NC heterojunction exemplifies a multifunctional architecture, combining high-performance
photodetection with prospects for artificial synapse implementation in next-generation neuromorphic
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1. Introduction

In the realm of modern science and technology, efficient and
reliable optical detection systems serve as a foundational
pillar, propelling advancements in high-resolution imaging,
environmental monitoring, optical communication, industrial
automation, and biomedical sensing.'™ At the heart of these
systems lies the photodetector—an electronic device that sim-
ultaneously detects and converts incident photon flux into
electrical signals. Conventional photodetectors based on in-
organic semiconductors such as silicon (Si), gallium nitride
(GaN), and indium gallium arsenide (InGaAs) offer notable
advantages, including band-selective detection, high sensi-
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tivity, thermal stability, low noise, and rapid response
times.®™* However, their reliance on expensive growth tech-
niques, complex fabrication processes, high operating vol-
tages, and limited transparency and flexibility poses signifi-
cant challenges.” This has spurred the search for alternative
semiconducting materials that combine excellent optical pro-
perties with simpler, cost-effective processing.

Metal halide perovskites (MHPs) have emerged as promis-
ing candidates due to their tunable direct bandgap, high
absorption coefficients across the UV-Vis-NIR spectrum, long
carrier diffusion lengths, and high mobilities.’® Moreover,
their compatibility with low-temperature, solution-based fabri-
cation methods offers a distinct advantage over traditional
semiconductor technologies."”*® A landmark study by Dou
et al. in 2014 demonstrated the first hybrid perovskite photo-
detector based on MAPbI;_,Cl,, achieving a detectivity of 10'*
Jones—comparable to state-of-the-art inorganic devices."’

Structurally, metal halide perovskites (MHPs) adopt the
general formula ABX;, where A, B and X represent distinct
ionic sites. The A-site accommodates either an organic cation
(e.g., formamidinium and methylammonium) or an inorganic
cation (e.g., cesium), while the B-site hosts a metal cation such
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as lead (Pb) or tin (Sn). The X-site is occupied by halide anions
—iodide (I"), bromide (Br™), or chloride (Cl7). The formation
and stability of these compounds are governed by their octa-
hedral geometry and tolerance factor criteria.’® The slightly
larger formamidinium cation (FA") tends to yield compounds
with greater thermal stability compared to methylammonium
(MA"). Moreover, FAPbX; (where X = I and Br~) perovskites
exhibit optimal bandgaps, making them well suited for energy-
harvesting applications.”’” Recent advancements in FA-based
photodetectors have focused on FAPbI; and FAPbBr; com-
pounds across diverse morphologies—including single crys-
tals,”® polycrystalline films,*® quantum dots,*® two-dimen-
sional structures,*' and one-dimensional arrays*>**—revealing
a range of compelling optoelectronic properties. Reports
suggest that FAPbX;, in conjunction with other suitable con-
ducting or semiconducting materials such as graphene,** ger-
manium,** and nickel oxide,*® can enhance the charge trans-
fer properties at the interface due to the inherent built-in field.

The integration of wide-bandgap metal oxides with light-
absorbing materials has emerged as a powerful approach to
enhance photodetector performance by balancing sensitivity
and speed. In particular, metal oxide/perovskite hetero-
structures are highly effective, as the oxide layer contributes
high electron mobility, environmental stability, and defect pas-
sivation to the photoactive perovskite. Among various candi-
dates, zinc oxide (ZnO) is often favored over alternatives such
as TiO, due to its superior electron transport properties and
compatibility with low-temperature processing, which together
enable ultrafast device response.>’”*° In parallel, ZnO-based
heterojunctions with various perovskites (MAPbI;, CsPbBrs,
Cs,Snlg, Cs3Biylo, etc.) achieved higher detectivities and
response times down to microseconds, underscoring ZnO’s
role as a robust electron transport layer.** >

In essence, the combination of a high-quality photosensi-
tive material with a well-conceived architectural design strategy
can lead to highly efficient photodetectors exhibiting remark-
able figures of merit. From a structural standpoint, photo-
detectors are broadly categorized into photoconductors, photo-
transistors, and photodiodes—each offering distinct oper-
ational mechanisms and performance characteristics.>*>*
Photoconductors possess a metal-semiconductor-metal archi-
tecture with a vertical or lateral arrangement and an internal
gain mechanism due to the recirculation of a single type of
charge carrier across the electrodes. Phototransistors are three-
terminal (source, drain, and gate) lateral structures with
additional biasing at the gate terminal to control the carrier
dynamics and photocurrent gain of the device. A photodiode
is essentially a vertical arrangement in which the photosensi-
tive material is sandwiched between two charge-separating
layers. Under the influence of a built-in field and/or a reverse-
bias voltage, the carriers drift towards the respective electro-
des. Given the advantages of simple fabrication steps and
faster response times due to closer electrodes, photodiodes are
often preferred over the other two configurations. The built-in
electric field in a photodiode is primarily achieved using a p-
i-n junction, a p—n junction, or a Schottky junction. Although
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photodiodes comprising an isotype heterojunction (n-n/p-p)
are less frequently observed, they have been reported to offer
significant benefits in terms of device performance. For
instance, a type-II heterojunction formed between two
different n-type materials creates a depletion region and an
accumulation region depending on the Fermi-level alignment
of the materials.>® A built-in field is thus generated across the
junction, aiding the movement of majority carriers to produce
a photoresponse. Because only the majority charge carriers are
involved, this type of heterojunction can also reduce recombi-
nation losses in the device, resulting in a faster response.’”>®
This strategy holds substantial potential but remains compara-
tively underinvestigated within the landscape of perovskite
photodiode architectures, thus opening doors for exploring
the impact of n—n heterojunctions with different materials and
designs to build photodetectors with faster responses and
better performance.

In this study, we investigate the optoelectronic performance
of an n-n heterojunction photodetector comprising ZnO and
FAPbBr; nanocrystals (NCs). The device demonstrates broad-
band capabilities with a pronounced photoresponse under low
bias conditions, accompanied by a fast response. Furthermore,
it maintains operational stability over a continuous 1-hour
period at an applied bias of 0.25 V under white light illumina-
tion with an intensity of 80.26 mW cm™> under ambient con-
ditions. The performance parameters of this novel n-n hetero-
junction architecture are comparable to those of previously
reported FAPbBr;-based photodetectors. Notably, the simple
vertical configuration (FTO/ZnO/FAPbBr;/Ag) exhibits analog
switching characteristics, indicating potential for neuro-
morphic applications. These findings underscore the multi-
functional nature of the device under appropriate biasing con-
ditions. The synergy of speed and sensitivity in the detector
underscores its potential for imaging applications in diverse
fields, including diagnostics and environmental assessment.

2. Experimental methods
2.1. Materials

Lead bromide (PbBr,) (>98%), N,N-dimethylformamide (anhy-
drous, 99.8%), oleic acid (>99%), oleylamine (technical grade,
70%), and zinc oxide dispersion (<10 nm particle size, 20 wt%
in H,0) were purchased from Sigma-Aldrich. Formamidinium
bromide (99.99%, trace metal basis) was purchased from TCI
Chemicals. Toluene (>99.5%), butanol (anhydrous, 99.8%),
ethanol (>99.9%), acetone (>99%), hydrochloric acid (30%),
and zinc powder were purchased from Merck. All the chemi-
cals were used without any further purification.

2.2. Synthesis of FAPbBr; nanocrystals

The synthesis of FAPbBr; NCs were carried out using a solu-
tion-based emulsion method. A 0.1 mM perovskite precursor
was first prepared by taking 0.1 mmol of FABr and 0.1 mmol
of PbBr, properly dissolved in 1 ml of DMF at 60 °C until a
transparent solution was obtained. In another vial, a mixture
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of toluene (5 ml), oleic acid (0.5 ml), oleylamine (0.02 ml) and
butanol (1.5 ml) was prepared and rigorously stirred for 5 min
at 55-60 °C. The formation of FAPbBr; NCs was initiated by
adding 0.2 ml of the precursor to the antisolvent mixture in a
dropwise manner while continuously stirring the mixture at
1100 rpm. The colourless mixture soon transformed into a
luminescent yellowish solution, indicating the formation of
nanoparticles, and the mixture was immediately removed from
the heating and stirring conditions to limit the formation of
larger particles. After allowing the solution to cool naturally
for 5 min, the purification of NCs was carried out to wash off
the excess ligands and unwanted larger particles from the NC
solution in two steps. In the first step, the crude solution was
centrifuged at 5500 rpm for 8 min. The precipitate was redis-
persed in a mixture of toluene and ethyl acetate to ensure the
removal of excess ligands from the surface of the NCs. Finally,
the precipitate obtained thereafter was redispersed in toluene
as per further requirements for characterization and device
fabrication. The entire process of synthesis and purification
was carried out under ambient conditions with relative humid-
ity between 50% and 80%.

2.3. Device fabrication

FTO substrates were etched using zinc powder and hydro-
chloric acid, and later washed with soap solution, distilled
water, acetone, and ethanol using a standard procedure for
15 min each. The etched and dried substrates were subjected
to UV-ozone treatment for another 15 min before use. Firstly, a
ZnO layer was spin-coated using the commercially available
dispersion at 3000 rpm for 30 s and then annealed at 100 °C
for 30 min. Furthermore, a toluene-dispersed NC solution of
FAPbBr; was used to form the perovskite layer. To achieve the
desired thickness for this layer, the NC dispersion was spin-
coated several times at 1600 rpm for 30 s each and finally
annealed at 60-70 °C for 15 min. To complete the device archi-
tecture, a 70 nm thick layer of Ag was thermally evaporated
over the perovskite layer at a pressure of 107® mbar. All the
spin-coating and annealing procedures were carried out under
ambient conditions with 50-80%RH.

3. Material and device
characterization

The crystallinity and phase identification of the prepared per-
ovskite samples were determined from X-ray diffraction (XRD)
patterns using a Bruker D2 Phaser with a Cu-Ka radiation
source of 1.5406 A wavelength. The morphological features of
the perovskite thin film were investigated using Field Emission
Scanning Electron Microscopy (FESEM) with a Gemini 500
FE-SEM. The shape and size of the perovskite nanocrystals
were analyzed using a High Resolution Transmission Electron
Microscope (HR-TEM) (FEI Tecnai, Model: G2-20 TWIN) at an
operating voltage of 200 kV. To investigate the chemical com-
position of the perovskite samples, we opted for X-ray
Photoelectron Spectroscopy (XPS) using an ULVAC-PHI (Model:
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VersaProbe 4). The SEM cross-sectional analysis was done
using a Thermo Fisher Scientific FEI Quanta 250 FEG. The
optical UV-Vis absorption spectra of the FAPbBr; NCs were
obtained using a Cary 60 UV-Vis Spectrophotometer.
Photoluminescence spectra of the perovskite samples with an
excitation wavelength of 450 nm were recorded using a Cary
Eclipse Fluorescence Spectrophotometer. The transient-state
PL of the perovskite samples was further elucidated using a
Fluorolog time-correlated single-photon counting spectro-
meter (Horiba Scientific) with a delta diode laser. The energy
band levels of the FAPbBr; samples were determined from
ultraviolet photoelectron spectroscopy using a Thermo
Scientific NEXSA system. The spectral response of the device
was measured with the help of a spectral response measure-
ment apparatus (Holmarc, Model: HO-AE-SR18). All the -V
measurements were carried out using a Keithley 2461 source
meter. A portable solar simulator (PEC-L01) was used as the
source of white-light illumination for the photodetection
measurements. The transient measurements were carried out
with the help of an oscilloscope (Teledyne LeCroy WaveSurfer
3000Z series oscilloscope), a function generator (Tektronix AFG
3022C) and a green LED (530 nm) with variable power.

4. Results and discussion

FAPbBr; NCs were synthesized via a low-temperature emul-
sion-based methodology. The X-ray diffraction (XRD) pattern
of the resulting thin film (Fig. 1a) confirms a cubic crystal
phase, with prominent peaks at 14.6°, 29.6°, and 45.3°, corres-
ponding to the (001), (002), and (003) crystallographic planes,
respectively. Additional peaks at 20.8°, 33.3°,36.48° and 42.5°
are attributed to the (011), (021), (211) and (022) planes, in
good agreement with previously reported data.>” The average
particle size of the NCs was estimated to be 29.44 nm using
the Debye-Scherrer equation (D = KA/B cos 6), with a calculated
lattice parameter a = 4.82 A. Transmission electron microscopy
(TEM) analysis (Fig. 1b) reveals predominantly cubic-shaped
NCs, albeit with some degree of polydispersity. The corres-
ponding histogram (Fig. 1c) indicates a size distribution of
10.52 + 1.27 nm. Selected area electron diffraction (SAED) pat-
terns (Fig. 1d) further confirm the polycrystalline nature of the
NCs, with diffraction spots aligning well with the XRD reflec-
tions, reinforcing the cubic phase assignment. Scanning elec-
tron microscopy (SEM) images of FAPbBr; NCs deposited on
glass substrates (Fig. 1e) show a slightly inhomogeneous
surface morphology, characterized by minimal pinholes and
adequate film coverage. Additionally, we analysed the cross-
sectional SEM of the device shown in Fig. S1.

To elucidate the elemental composition and chemical
states of the synthesized FAPbBr; NCs, X-ray photoelectron
spectroscopy (XPS) analysis was performed. The survey spec-
trum (Fig. 2a) confirms the presence of all expected constitu-
ent elements—carbon (C), nitrogen (N), lead (Pb), and
bromine (Br)—alongside oxygen (O), with no evidence of
extraneous peaks.’® High-resolution spectra reveal distinct Pb

Nanoscale, 2026, 18, 3723-3738 | 3725


https://doi.org/10.1039/d5nr04337a

Published on 29 December 2025. Downloaded on 5/1/2026 7:51:04 PM.

Paper

—~
&
~

| =
= =
3 S
N’
=y =
2] g
§ S
=
L
=
(7]
N
E = S aa
g = S5 88
= L = S < e
= =
10 15 20 25 30 35 40 45 50
20 (degree)
Fig. 1

—~
&
~

(d)

Intensity (a.u.)

View Article Online

Nanoscale

e L FAPbBr, NCs

D=10.52 nm

c=127nm

16 24 32 40 48
Size (nm)

(a) X-ray diffraction pattern. (b) TEM images depicting particles at the 100 nm scale. (c) Histogram depicting the size distribution for FAPbBr3
NCs. (d) SAED pattern. (e) FESEM image for FAPbBrsz NCs.

396 398 400 402 404

(b)

©C g © g
= £
= £ & -~
s || ol 2
N’ Vi v fd
\JZ (-4} N
& \ 2 >
2 ’\/'”/rf JM‘JM, E 2
*E N&| = §
=1 i 2 =
= I
\«J\J
1000 800 600 400 200 0 134 136 138 140 142 144 146 148
Binding Energy (eV) Binding Energy (eV)

Binding Energy (eV)

Intensity (a.u.)

26 528 530 532 534 536 538
Binding Energy (eV)

~
)
~

Cls

Intensity (a.u.)

1 L L 1 L

278 280 282 284 286 288 290 292 294 296
Binding Energy (eV)

Br 3d

Intensity (a.u.)

62 64 66 68 70 72 74
Binding Energy (eV)

Fig. 2 XPS for FAPbBr3; showing (a) Survey spectra and high-resolution spectra for (b) Pb 4f, (c) C 1s, (d) N 1s, (e) O 1s and (f) Br 3d.

3726 | Nanoscale, 2026, 18, 3723-3738

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5nr04337a

Published on 29 December 2025. Downloaded on 5/1/2026 7:51:04 PM.

Nanoscale

4f doublets at approximately 138.5 eV and 143.4 eV, corres-
ponding to the spin-orbit split components of Pb 4f;,, and Pb
4f;,, respectively. The Br 3d region exhibits deconvoluted
peaks at ~68.6 eV and ~69.2 eV, confirming the presence of
bromine in the perovskite lattice. Similarly, the N 1s spectrum
shows peaks at ~400.3 eV and ~402.3 eV, indicative of nitrogen
bonding environments associated with formamidinium and
amine-based surfactants. The C 1s spectrum reveals three dis-
tinct peaks centered at 284.8 eV, 286.3 eV, and 288.7 eV, corres-
ponding to C-C, C-H, C-N, and C=O0 bonding configurations,
respectively. Additionally, the O 1s region displays two decon-
voluted peaks at 532.1 eV and 533.1 eV, attributed to carboxylic
functionalities, with the higher-energy peak (533.1 eV) arising
from O-C=O0 bonds.

To determine the optical characteristics of FAPbBr; NCs, we
investigated their UV-Visible absorption, steady-state, and
time-resolved photoluminescence spectra. As illustrated in
Fig. 3a, the NCs exhibit a pronounced photoluminescence
peak at 540 nm, accompanied by good absorption across the
visible spectrum. The corresponding optical bandgap is esti-
mated to be approximately 2.2 eV from the Tauc plot (Fig. 3b),
aligning well with reported values.’®*° Additionally, the transi-
ent PL study of the NC sample (Fig. 3c) at a laser excitation of
350 nm indicates a slow tri-exponential decay, with an average
carrier lifetime of 67 ns.>®

Using the Ultraviolet Photoelectron Spectroscopy (UPS)
technique, we further estimated the Fermi energy (Er), valence
band maximum (Eygy), and conduction band minimum
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(Ecem) of the FAPbBr; NCs. The secondary electron cut-off
edge and the valence band cut-off region are depicted in
Fig. 3d and e. The Er is determined by subtracting the cut-off
edge of the secondary electrons, i.e., 16.04 eV, from the energy
of the incoming Hel electrons (21.22 eV), giving the following
value:

16.1 eV —21.22 eV = —5.12 eV = Ey 1)

From Fig. 3e, the onset of the valence band edge is found
to be at 1.16 eV, which reflects the difference between Eygy
and Ey. Using this information, we calculated Eygy as —6.28 eV
and hence, Ecpy is found to be —4.08 eV from the following
relation:

Ecgm = Eg + Evem (2)

Therefore, Er, Eygm and Ecpy are positioned at —5.12 eV,
—6.28 eV and —4.08 eV, respectively, and from the Fermi level
position, an n-type character for FAPbBr; NCs.

The following section discusses the role of the ZnO/
FAPDbBr; heterojunction and its subsequent device perform-
ance as a broadband photodetector and potential memory
device.

1. The n-n ZnO/FAPbBr; heterojunction as a photodetector:

Here, we designed a visible-range, broadband photodetector
with a simple vertical architecture, FTO/ZnO/FAPbBr;/Ag, that
incorporates a ZnO/FAPbBr; NC n-n heterojunction. FTO and
Ag, respectively, serve as the bottom and top electrodes, allow-
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Fig. 4 (a) Device arrangement of the photodiode-type photodetector with the ZnO/FAPbBrs NC heterojunction, Ag and FTO functioning as the top
and bottom electrodes, respectively. (b) Energy-band diagram of the photodetector.

ing for electrical connections. The spectral response of the
device shows a broad absorption range, as presented in
Fig. S2. The device arrangement and the concerned band
alignment among the layers are depicted in Fig. 4a and b. We
achieved the targeted broad range of detection by applying a
white light source. Fig. 5a shows the semi-logarithmic -V
curve of the ZnO/FAPbBr; heterojunction for the voltage range
of +2 V, under dark and white light illumination. As evidenced,
the device shows rectifying I-V characteristics along with a sig-
nificant rise in current levels under illumination. This con-
firms the good photodetection ability of our n-n heterojunc-
tion device under irradiation. For a more detailed analysis, the
photoresponse behavior of the device was investigated under a
constant reverse bias using a Keithley source meter. The
measurements were conducted over a defined time interval
with manually controlled cyclic transitions between dark (off)
and illuminated (on) conditions to evaluate the device’s
responsiveness and stability. Fig. 5b shows the corresponding

Under dark
Under light

Current (A)
=

-2 -1 0 1
Voltage (V)

I-t curve of the device at a reverse bias voltage of 0.25 V under
an incident light intensity of 80.26 mW ¢m™>, where the photo-
current shoots and then falls back respectively at each light
“on” and “off” interval of 10 seconds each. The sharp edges at
the rise and fall intervals predict the fast performance of our
detector. Additionally, the ratio of the photocurrent at one of
such intervals, that is the on/off ratio (Ion/0f), is approximately
3 x 10?, signifying good performance.

Furthermore, the operational stability of the device was
tested for an extended period of 1 h under the same conditions
of bias voltage, illumination, and on-off interval. As depicted
in Fig. 6a, the device showed a good repeatability over an
increased number of cycles, confirming stable photodetection.
A zoomed-in image of Fig. 6a shows the first and last 15 min
performance of the photodetector with almost no degradation
in photodetection over the period, as presented in Fig. 6b and
¢, respectively. This preliminary characterization suggests that
the ZnO/FAPbBr; heterojunction device is capable of generat-
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Fig. 5 (a) Semi-logarithmic /-V characteristics for FTO/ZnO/FAPbBrs/Ag. (b) /-t curve depicting the photoresponse behavior of the device under
80.26 mW cm™2 at a reverse bias voltage of 0.25 V for a 10 s on—off interval.
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testing period.

ing an almost instantaneous photoresponse to detect incident
light at a relatively low bias. To further characterize our device,
we outline three important figure-of-merits for a photo-
detector: responsivity, specific detectivity, and response speed.

The responsivity (R) of a photodetector determines the
efficiency of conversion of an incoming light signal to an elec-
trical signal and is determined using the following expression:

R:]ph/Pinc (3)

where

Jph = Ipn/A = (Tiight — Idark) /A (4)

R is often expressed in units of AW or mAW ™",

The second important parameter is specific detectivity (D*),
which estimates the ability of a photodetector to detect the
weakest of the incoming light signals and is given as:

Dx = AV?R/(2q1 gar) (5)

D* is often expressed in units of Jones.

The third important parameter is the response speed of the
photodetector, which measures how fast a change in the
output signal is achieved based on detectable changes in the
incoming photon flux. Notably, for a detector, we specify the
rise time (z,) and fall time (z4) based on the time required for
the photocurrent to change from 10% to 90% of the maximum
output signal and vice versa, respectively. For an active device
area of 4 mm?, the R and D* at 0.25 eV biasing under an irradi-
ance of 80.26 mW cm™> (Fig. 5b) were calculated to be
26.43 mAW™' and 6.16 x 10"" Jones, respectively. The effect of

This journal is © The Royal Society of Chemistry 2026

bias voltages and incident light intensities on the device per-
formance was examined through various sets of measure-
ments. Fig. 7a depicts the I-¢ curves corresponding to various
applied voltages at a constant irradiance of 58 mW c¢cm . The
photoresponse of the detector was found to rise with increas-
ing bias, implying a better collection of photogenerated car-
riers under a stronger electric field. As shown in Fig. 7b, the
subsequent values of R and D* also outline a rising trend, with
their respective highest values 79.4 mA W™ and 0.99 x 10"°
Jones at 0.9 V bias voltage.

In another set of measurements, we recorded the I-t curves
at a fixed bias voltage of 0.5 V over different values of incident
light intensities ranging from 40.19 mW em™> to 137.32 mW
cm?, as depicted in Fig. 7c. Fig. 7d presents the R and D*
values at different light intensities extracted from Fig. 7c. The
maximum values of R and D* were calculated to be 63.8 mA
W' and 0.95 x 10"° Jones, respectively, at a light intensity of
40.19 mW cm™2 and a bias voltage of 0.5 V. Notably, the para-
meters R and D* exhibit a diminishing trend at higher light
intensities. This behaviour is commonly attributed to
enhanced scattering and recombination of charge carriers,
resulting from elevated photogeneration rates at higher inci-
dent power densities.*>*>®® Here, the photocurrent exhibits a
modest increase with higher light intensities. Using linear
curve fitting, we can estimate the power-law dependence of the
photodetector using the following equation:

Ipn o< P™ (6)

where I, stands for the photocurrent, P is the incident optical
power and m is the exponent reflecting the ratio of generation
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frequency.

of carriers to the incident photons. A sublinear relationship
with m = 0.6, as shown in Fig. 7e, for our device suggests the
presence of trap states or defects in the light-absorbing
material or the device. Thus, the above measurements indicate
that the ZnO/FAPbBr; heterojunction photodetector exhibits
optimal light detection under low to moderate light intensities
when operated with an appropriate reverse bias.

Beyond the capability to detect and transduce optical signals
into electrical outputs, the temporal response of a photodetector
is a critical parameter that governs its suitability for specific
applications. For instance, ultrafast photodetectors with
response times on the order of nanoseconds are often employed
in optical communication systems to transmit data at high
speeds. whereas applications such as image sensing or indus-
trial monitoring can allow longer response times, typically in the
microsecond range. To probe the response speed of our detector,
we examined the transient response of the device using an oscil-
loscope-controlled LED (530 nm) setup at various operating fre-
quencies. Fig. 7f shows the normalized photoresponse at 3 kHz
frequency with the estimated rise and fall times of 0.08 ms and
0.09 ms respectively. Table 1 lists the rise and fall times for a
range of operating frequencies from 100 Hz to 3 kHz. As wit-
nessed, the device shows a lower response time with increasing
transient frequency, indicative of a fast-switching behavior with
nearby values of rise and fall times.

3730 | Nanoscale, 2026, 18, 3723-3738

Table 1 Rise and fall times of FTO/ZnO/FAPbBrs/Ag at different operat-
ing frequencies

Frequency (kHz) Rise time (ms) Fall time (ms)
0.01 2.28 2.32
0.05 0.57 0.52
1.00 0.28 0.23
1.50 0.17 0.21
2.00 0.15 0.13
2.50 0.11 0.10
3.00 0.08 0.09

Our device has also been tested under different low inten-
sity light signals of 455 nm (blue) and 530 nm (green) using
LED sources. Fig. 8a and b show the I-¢ curves for 5 varying
LED intensities at a low bias voltage of 0.01 V. A stable
response with sharp rise and fall times is observed, signifying
the detection of low-intensity light signals. Similar data were
recorded at different bias voltages of 0, 0.05, 0.1 and 0.05 V for
both 455 nm and 530 nm wavelengths with the corresponding
I-t curves presented in Fig. S3 and S4, respectively.

The photodetector measurements undertaken so far for the
ZnO/FAPbBr; heterojunction structure highlight the efficient
functioning of the device over a broad range of detection wave-
lengths, with low operating voltage and fast switching speed.
The sensitivity of the detector to both low and high incoming

This journal is © The Royal Society of Chemistry 2026
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optical intensities is appreciable. It is also worth mentioning
that the entire synthesis, fabrication and measurement pro-
cedures were carried out under humid weather conditions
ranging from 50%-80%RH. This also depicts the robustness of
the synthesized FAPBBr; NCs as well as the heterojunction
device. The best values of the on-to-off ratio, R and D* for our
device configuration were respectively determined to be 1.44 x
10%, 0.668 AW 'and 7.78 x 10" Jones at 1 V bias voltage under
an optical intensity of 48.27 mW cm™ for a 20 s on/off time
interval. The corresponding /-t curve is depicted in Fig. 9. A
comparative analysis of our ZnO/FAPbBr; photodetector
metrics with other reported FAPbBr; and ZnO/perovskite
systems is listed in Table 2.

In comparison with previously reported FAPDbBr;-based
photodetectors, our device demonstrates rapid switching be-

2.0
V,.=1V,P =48.27 mW/cm’
>
clor 1
£ .
< 1l
S1.0F 3 3
=
=
©ost
0.0F i N

50 100 1500 3002250
Time (s)

o

Fig. 9 [-t curve depicting the photoresponse behavior of the device at
a reverse bias voltage of for a 20 s on-off interval.

This journal is © The Royal Society of Chemistry 2026

havior, characterized by short rise and fall times, while sus-
taining competitive levels of responsivity and detectivity over a
wide spectral detection range. A key feature of our solution-
processed architecture is the incorporation of a novel n-n type-
II heterojunction between ZnO and FAPbBr;. Most of the ZnO/
perovskite systems reported in the literature consist of a p-n
type-II heterojunction, as listed under Table 2. The choice of
an appropriate photoactive layer and an appropriate architec-
tural design strategy determines the photodetector’s operating
range for a dedicated application, as well as the final perform-
ance metrics.

To evaluate the individual performance of FAPbBr; NCs
and ZnO, two additional device configurations were studied,
FTO/FAPbBr;/Ag (D,) and FTO/ZnO/Ag (D,). The logarithmic
current-voltage (InI-V) characteristics presented in Fig. 10a
(D,) and Fig. 10b (D,) reveal the ohmic behavior for D; and
Schottky-type behavior for D,. Nevertheless, both configur-
ations exhibit significantly higher leakage currents relative to
the ZnO/FAPDbBr; heterojunction device. Additionally, when
subjected to white light illumination, only D, exhibits a low
photoresponse, as illustrated in Fig. 10c. The I-¢ profile for D,,
recorded at 0.5 V bias under 50 mW cm™>, displays a diminish-
ing pattern of photocurrent after each cycle, indicative of
unstable and degrading overall device performance. However,
as illustrated above, a synergy of the ZnO/FAPbBr; heterojunc-
tion produces subject to
improved absorption characteristics, appropriate band align-

pronounced photodetection,

ment, and better transport properties at the junction.

For a better understanding of the operational mechanism
of the FTO/ZnO/FAPbBr;/Ag photodetector, we refer to Fig. 11
(a—c). Here, both ZnO and FAPbBr; are n-type semiconductors,
with ZnO serving mainly as an electron extraction layer and
FAPbBr; functioning as the photosensitive absorber. The
difference in the conduction band and valence band energy
levels of ZnO and FAPbBr; leads to the formation of a type-1I

Nanoscale, 2026, 18, 3723-3738 | 3731
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n-n heterojunction at the ZnO/FAPbBr; interface. A type-II het-
erojunction provides a staircase arrangement for efficient
charge separation and extraction, a configuration widely
employed in optoelectronic devices such as solar cells and
photodetectors. Now, as portrayed in Fig. 11, under dark con-
ditions with no external bias, the electrons from a higher CBM
of FAPbBr; flow to a lower CBM of ZnO until the Fermi levels
align and an equilibrium is reached. This process creates
accumulation and depletion regions at the ZnO/FAPbBr; inter-
face, generating a built-in electric field directed towards ZnO
that opposes further carrier flow (Fig. 11a). Upon applying a
reverse bias (positive polarity at FTO), electrons are driven
toward the anode and repelled from the cathode, thereby
expanding the depletion region as shown in Fig. 11b.
Furthermore, as we illuminate the junction, electron-hole
pairs are generated at both the depletion region and within
the photosensitive layer. The combined influence of the built-
in electric field and the type-II band alignment facilitates
directional carrier separation and transport, culminating in a
measurable photoresponse (Fig. 11c).

1I. The memristor behavior of FTO/ZnO/FAPbBr;/Ag:

The architectural design of a device dictates its applicability
across various functions, depending upon the underlying oper-
ational criteria of each application. A compelling illustration
of this principle is observed in the shared structural paradigm
of p-i-n photodiodes and conventional inverted perovskite
solar cells, despite their separate working principles. While
photodiodes operate under reverse or zero-bias conditions for
the detection of broadband or narrowband optical signals, per-
ovskite solar cells are optimized for energy generation under
forward bias. Consequently, a single device architecture can
exhibit multifunctional utility, depending on the physical
phenomena it exploits. Targeting a memristor functionality for
our device, we applied bias to the top electrode (Ag) of our
ZnO/FAPbBr; heterojunction device while conducting a voltage
sweep in the direction -V; - 0 — +V, - 0 — —V;. As depicted
in Fig. 12a, the In I-V plot of the device is accompanied by hys-
teresis when the voltage loop is repeated for 100 cycles, featur-
ing bidirectional non-volatile memory.*®> Furthermore, from
Fig. 12b, the conductance of the device increases after each
positive voltage sweep from 0 V —» +1.25 V — 0 V, while for a
negative sweep in the direction 0 V — —1.5 V — 0V, the con-
ductance decreases as shown in Fig. 12c. This indicates a
gradual change in the resistance of the device, which is a
characteristic analog switching behavior, indifferent to an
abrupt or digital switching. Such an analog resistive switching
phenomenon has been widely studied amongst various active
materials such as metal oxides, polymers, 2D materials, and
metal halide perovskites, and across different geometries.®*
The change in the conductance of the system forms the basis
for neuromorphic computing applications, where biological
synaptic operations of the human brain are emulated. The
“set” and “reset” operations, which gradually increase or
decrease the conductance, directly map to long-term poten-
tiation (LTP) and long-term depression (LTD), respectively -
fundamental mechanisms for learning and memory in biologi-

This journal is © The Royal Society of Chemistry 2026
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cal brains. The proposed device under study, FTO/ZnO/
FAPDbBr;/Ag, therefore, can show a dual functionality when

suitably biased.

This journal is © The Royal Society of Chemistry 2026

Furthermore, to confirm the underlying switching mecha-
nism of our device, the I-V curve was replotted in the double-

logarithmic scale for both positive and negative voltage
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regions. The fitted slope values of the respective curves indi-
cate the existing conduction mechanisms, such as ohmic con-
duction (I « V), space charge limited conduction (SCLC) (I «
V#), Schottky emission (I « V%), Poole-Frenkel conduction (In
(V) « V), or trap-assisted tunnelling (In(Z/V) « V).
Fig. 13a and b present the In7 vs. InV plot for negative and
positive voltage ranges, respectively. The HRS is indicated by
red circles, while the blue circles represent the LRS of the
device across various bias regions. The HRS in the negative
voltage region and low-bias positive voltage region depicts
non-linear slope values of 0.21, 0.6 and —0.21, as illustrated in
Fig. 13a and b. A fitted slope value of 5.08, indicative of an
SCLC mechanism, is evident in the higher positive voltage
region. To realise the actual conduction mechanism of the
HRS in the negative bias region (-0.01 V to —0.73 V), we
further fitted the data with an In(f) vs. V"> curve, as shown in
Fig. 13c. The linearity of this curve indicates a Schottky emis-
sion mechanism in this bias range. Similarly, a linear depen-
dence of the In(I/V) vs. V*'* curve (Fig. 13d) in the positive bias
region (0.36 V to 1 V) indicates a Poole-Frenkel conduction
mechanism. For the negative voltage region of the LRS
(Fig. 13a), a slope value of 0.49, indicating a Schottky conduc-
tion mechanism, and a negative slope value of 0.86 for ionic
conduction, are evident in the lower and higher bias ranges,

3734 | Nanoscale, 2026,18, 3723-3738

respectively. Meanwhile, the positive voltage region of LRS
(Fig. 13b) predominantly indicated an SCLC mechanism with
an In I vs. In V slope of 2.57. Based on the above analysis of the
gradual switching behaviour of our device, we predict that
interfacial state modulation and ionic migration can form the
basis of resistive switching, rather than metallic filamentary
conduction.®®”® Fig. 14a-c show the possible conduction
mechanism for FTO/ZnO/FAPbBr;/Ag, based on the halide ion
migration and vacancy defects.”"”?

Due to the low defect formation energy of halide ions in
perovskites,”> the FAPbBr; framework consists of dispersed
negatively charged bromine ions (Br~) and their respective
bromine vacancies (Vg,) in the initial state with no applied
field (Fig. 14a). As we provide a positive potential to the Ag
electrode, the Br~ ions drift towards the top electrode, leaving
behind the bromine vacancies (Vg,) in the bulk of the perovs-
kite. These vacancies (Vg,) form a conductive ionic path in the
direction of the electric field towards the FTO, through which
the injected electrons can travel, thereby triggering the SET
process or low resistance state of the device.®® Additionally,
some Ag atoms may ionise to Ag" ions and drift towards the
bulk of the perovskite, but this remains insufficient for metal-
lic filament formation in the device. Now, on reversing the
polarity of the applied potential, as shown in Fig. 14c, the Br~

This journal is © The Royal Society of Chemistry 2026
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ions will move away from the Ag electrode and, in this process,
will dissolve some of the vacancy sites, thereby disrupting the
conduction channel. This process resets the device and marks
the transition from the LRS to the HRS. With the application
of a large negative bias, rectifying behaviour is manifested due
to the Schottky barrier formation at the FAPbBr;/Ag interface,
which hinders the electron flow and limits the current magni-
tude to the HRS.

5. Conclusion

To summarize, we developed an n-n heterojunction photo-
detector based on ZnO/FAPbBr; NCs using easy solution pro-
cessing methods. Our device achieves a high on-to-off ratio of
approximately 1.44 x 10*, a good responsivity of 0.668 A W™,
and a specific detectivity of 7.78 x 10! Jones at an operating
voltage of 1 V under 48.27 mW cm™> white-light illumination.
Analysis of the optoelectronic behavior at various low operat-
ing voltages (0 to 0.9 V) and different white-light intensities
(40.19 to 137.32 mW cm™?) shows that the device performs
optimally under low to moderate white light levels with appro-
priate biasing. The detector also exhibits fast switching times
of 80 ps/90 ps at a transient frequency of 3 kHz. Overall, the
fast response and good sensitivity of the detector are attractive
for imaging technologies, ranging from biomedical diagnos-
tics to environmental monitoring. Apart from this, the device
depicts a bidirectional resistive switching phenomenon when
operated under a cyclic voltage loop. The gradual change in
the conductance of the system symbolizes an analog behavior
that can effectively mimic neural operations of learning and
forgetting in the human brain. While initial switching
responses of the device to voltage sweeps are presented, a com-
prehensive investigation of its neuromorphic capabilities
remains beyond the scope of this study. Overall, this work
highlights the multifunctionality of the novel ZnO/FAPbBr; n-
n heterojunction device, serving both as a low-bias, fast, broad-

This journal is © The Royal Society of Chemistry 2026

band photodetector and as an analog memristor with promis-
ing potential for future neuromorphic applications.
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