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

Open Access Article. Published on 30 2024. Downloaded on 2025/11/8 10:19:07.

(cc)

#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

EDGE ARTICLE

Synergetic enhancement of CsPbl; nanorod-based
high-performance photodetectors via PbSe
quantum dot interface engineeringf

i '.) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 8514

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Muhammad Sulaman, © 2°¢ Shengyi Yang, © **® Honglian Guo,® Chuanbo Li,°
Ali Imran,® Arfan Bukhtiar,® Muhammad Qasim,” Zhenhua Ge,® Yong Song,f

Yurong Jiang' and Bingsuo Zou ® ¢

The advancement of optoelectronic applications relies heavily on the development of high-performance
photodetectors that are self-driven and capable of detecting a wide range of wavelengths. CsPbls
nanorods (NRs), known for their outstanding optical and electrical properties, offer direct bandgap
characteristics, high absorption coefficients, and long carrier diffusion lengths. However, challenges such
as stability and limited photoluminescence quantum yield have impeded their widespread application. By
integrating PbSe colloidal quantum dots (CQDs) with CsPbls NRs, the hybrid nanomaterial harnesses the
benefits of each component, resulting in enhanced optoelectronic properties and device performance.
In this work, a self-powered and broadband photodetector, ITO/ZnO/CsPbls:PbSe/CuSCN/Au, is
fabricated, in which CsPbls NRs are decorated with PbSe QDs as the photoactive layer, ZnO as the
electron-transporting layer and CuSCN as the hole-transporting layer. The device performance is further
improved through the incorporation of Cs,COs into the ZnO layer, resulting in an enhancement of its
overall operational characteristics. As a result, a notable responsivity of 9.29 A W™ and a specific

detectivity of 3.17 x 10* Jones were achieved. Certainly, the TCAD simulations closely correlate with
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Accepted 28th April 2024 our experimental data, facilitating a comprehensive exploration of the fundamental physical mechanisms

responsible for the improved performance of these surface-passivated heterojunction photodetectors.
This opens up exciting possibilities for substantial advancements in the realm of next-generation
optoelectronic devices.
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High-performance photodetectors with a broad spectrum
response and self-driven behavior are in high demand due to
the quick advancements in optoelectronic technology.'”
Photodetectors play a pivotal role in various applications,
including imaging, sensing, communication systems, and
environmental monitoring.** Efficient detection of light across
a wide range of wavelengths is essential for capturing and
converting optical signals into electrical signals with high
sensitivity and accuracy. The development of high-performance
photodetectors with a broad spectral response and self-driven
behavior is of great significance in advancing these
technologies.®® The advancement of optoelectronic materials
and device architectures has led to significant improvements in
their performance, enabling enhanced sensitivity, efficiency,
and stability. Hybrid nanocomposites, composed of different
nanoscale building blocks, have emerged as promising mate-
rials for achieving enhanced photodetection capabilities. By
combining different nanomaterials in a hybrid nanocomposite,
complementary absorption characteristics can be exploited,
enabling the detection of a wide range of wavelengths.®*> One
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promising platform that has emerged in recent years is based
on CsPbl; nanorods (NRs) decorated with PbSe colloidal
quantum dots (CQDs). This hybrid nanomaterial combines the
unique properties of both CsPbI; NRs and PbSe CQDs, resulting
in synergistic effects that enhance the optoelectronic properties
and overall device performance.

CsPbl; NRs have attracted considerable attention due to
their outstanding optical and electrical properties. These NRs
exhibit direct bandgap characteristics, high absorption coeffi-
cients, and long carrier diffusion lengths, making them highly
efficient in light absorption and carrier transportation.'*™*
Additionally, CsPbI; NRs, known for their outstanding optical
and electrical properties, offer direct bandgap characteristics,
high absorption coefficients, and long carrier diffusion lengths.
However, challenges such as stability, particularly in the pres-
ence of moisture and oxygen, and limited photoluminescence
quantum yield have impeded their widespread application."”*°
To overcome these limitations and further improve the perfor-
mance of CsPbl;-based photodetectors such as enabling an
enhanced absorption range, efficient charge transfer, improved
stability and overall device performance, the integration of PbSe
CQDs has been explored. PbSe CQDs possess tunable bandgaps
and strong infrared (IR) light absorption properties, making
them ideal sensitizers for broadening the light absorption range
of the CsPbl; NRs.>*?® By incorporating PbSe CQDs into the
CsPbl; NRs, efficient charge transfer can be achieved, reducing
carrier recombination and enhancing the overall device
performance. Hybrid nanocomposites of CsPbl; NRs with
inorganic materials offer advantages such as broad spectral
response, complementary absorption characteristics, enhanced
charge transport, tunable bandgap, and compatibility with
various device architectures.> These advantages make hybrid
nanocomposites highly promising for the development of effi-
cient and versatile optoelectronic devices such as photodetec-
tors and solar cells. One significant advantage of the CsPbl; NRs
decorated with PbSe CQDs (i.e. CsPbl;:PbSe) is the enhanced
photoresponsivity of the photodetectors. The incorporation of
PbSe CQDs facilitates efficient light absorption over a broader
spectral range, including the infrared region, thereby increasing
the overall responsivity of the device. This enhanced respon-
sivity is crucial for applications requiring high sensitivity to low
light levels.

A hybrid nanocomposite of PbSe QDs with CsPbl; offers
a strategic approach to combine the strengths of each material,
resulting in a hybrid nanocomposite that efficiently captures
a wide range of wavelengths, promotes effective charge transfer,
and enhances the overall performance and stability of the
optoelectronic device.** The incorporation of CsPbI; NRs and
PbSe CQDs in the hybrid nanomaterial results in enhanced
specific detectivity by reducing carrier recombination and
improving charge transfer efficiency. Specific detectivity is
a crucial parameter for photodetectors, as it quantifies their
ability to detect weak optical signals in the presence of noise.
The presence of PbSe CQDs enhances the generation of
photocurrent, resulting in higher detectivity.”” This improved
detectivity is advantageous for applications where the detection
of weak signals is essential. Therefore, the interpenetration of
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PbSe CQDs and CsPbl; NRs in the hybrid nanomaterial
promotes efficient charge transfer, enhanced light absorption,
and minimized charge recombination. These factors contribute
to the improved performance and functionality of the photo-
detectors based on this hybrid nanomaterial structure.
Furthermore, the hybrid structure of CsPbI; NRs decorated with
PbSe CQDs offers improved stability and environmental toler-
ance as compared to pristine CsPbl; NRs.”® Therefore, CsPbl;
NRs act as a stable framework, preventing the aggregation of
PbSe CQDs and preserving their optoelectronic properties over
time. This stability is crucial for long-term device operation and
reliability. Additionally, the incorporation of PbSe CQDs miti-
gates hysteresis effects, which can degrade the performance of
photodetectors.

Therefore, we combine the unique optical and electrical
properties of CsPbI; NRs with the tunable bandgaps and charge
transfer capabilities of PbSe QDs. This hybrid approach aims to
address challenges such as the limited photoluminescence
quantum yield (PLQY) and stability of CsPbl; NRs, ultimately
leading to enhanced optoelectronic properties and device
performance. Thus, photodetectors ITO/ZnO/CsPbl;:PbSe/
CuSCN/Au were fabricated and investigated, in which the ZnO
layer serves as an electron-transporting layer (ETL), thus facili-
tating the efficient extraction and transport of electrons gener-
ated by the absorbed light. Cs,CO;, being an alkaline
compound as a dopant in the ZnO matrix, can alter the energy
levels and carrier concentration in the film, leading to reduced
dark current and enhanced photocurrent. After blending
Cs,CO;3 with ZnO nanocrystals, additional charge carriers are
introduced into the film, increasing the electron density effec-
tively,>*° resulting in improved electron mobility and reduced
trap-assisted recombination, and thus decreasing the dark
current. The reduced dark current helps to minimize the noise
level and improve the signal-to-noise ratio of the device. The
hybrid nanocomposite of the CsPblI;:PbSe layer serves as the
photoactive material in the photodetector, combining the
CsPbl; NRs with PbSe CQDs. This hybrid nanocomposite layer
offers a broad spectral response and efficient charge generation
due to the complementary absorption properties of each
component. The CuSCN layer acts as the hole-transporting
layer, enabling efficient extraction and transport of holes
generated by the absorbed photon density. Under illumination,
the device can effectively absorb the incident light, photo-
generated excitons will dissociate into electrons and holes, and
buffer layers will facilitate their efficient extraction and trans-
portation. Consequently, the self-driven photodetector yielded
a substantial ON/OFF current ratio of 10°, accompanied by an
exceptional photosensitivity of 9.97 x 10°. Additionally,
a specific detectivity of 5.22 x 10" Jones with a photo-
responsivity of 2.87 A W' was achieved under 980 nm laser
illumination. The performance of the device has been improved
through incorporating Cs,CO; into the ZnO layer (ie.
Zn0:Cs,CO;). Consequently, this integration has led to
a notable enhancement in the overall device performance. This
heterojunction structure allows for optimized charge carrier
dynamics, resulting in enhanced photodetection performance.
The fabricated photodetector is characterized and evaluated in
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terms of key performance parameters such as photosensitivity,
photoresponsivity, specific detectivity, and response time. The
results obtained from the fabricated device provide valuable
insights into the performance and potential applications of this
specific photodetector structure. A high ON/OFF ratio of 10°,
a super-high photosensitivity of 7.25 x 10%, photoresponsivity
of 9.29 A W and specific detectivity of 3.17 x 10'* Jones were
obtained from the photodetector ITO/ZnO:Cs,CO;/CsPbl;:-
PbSe/CuSCN/Au in the self-driven mode under 80 pW cm ™2
980 nm illumination. Here, the ETL was improved by blending
ZnO with CsCO; in a suitable ratio in order to further enhance
the device performance. The specific blending ratio and the
subsequent fabrication steps may vary depending on the
specific experimental conditions and objectives.

Further, technology computer-aided design (TCAD) simula-
tion was performed to further investigate and analyze the
performance of the fabricated photodetector. TCAD software
allows for the modeling and simulation of device behavior,
providing a detailed understanding of the underlying physics
and aiding in optimizing device design and performance. This
allowed for a deeper understanding of the device physics,
including charge carrier dynamics, distribution, and transport,
as well as the impact of different device parameters and mate-
rial properties.

2. Experimental section
2.1 Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized by a sol-gel method to
ensure the production of high-quality nanocrystals by following
the previously reported method.*® The detailed synthesis
method is described in Note S1 (in the ESI).}

2.2 Synthesis of PbSe CQDs

PbSe CQDs were prepared by a previously reported hot-injection
method with some modifications.>*** The detailed synthesis
procedure is briefly described in Note S2 (in the ESI).

2.3 Synthesis of CsPbl; NRs

The synthesis of CsPbI; NRs involved the integration of emul-
sion and the tip-ultrasonic method. Initially, precursor mate-
rials, including 0.814 g of Cs,CO; and 1.8 mmol of Pbl,, were
dissolved in a mixture comprising 40 mL of ODE, 2.5 mL of OA,
and 2.5 mL of oleylamine (OAm) within a capped flask, and
subjected to continuous stirring at 100 °C for 1 hour, following
the procedure outlined by Protesescu et al.** Subsequently, the
tip-ultrasonication rod was immersed into the reaction flask at
90 °C for a duration of 20 minutes. Rapid cooling was achieved
using an ice-water bath. The resultant cooled solution was
subjected to centrifugation at 6500 rpm for 10 minutes, yielding
separated and collected particles, which were then re-dispersed
in n-hexane or chlorobenzene.

2.4 Device fabrication and characterization

The process of fabricating and characterizing the devices
involved several steps. Initially, the ITO patterned glass
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substrate was thoroughly cleaned and treated with UV-ozone
light. A layer of ZnO NCs was then spin-coated onto the pre-
cleaned glass/ITO substrate and annealed at 80 °C for 30
minutes, serving as the ETL. Next, PbSe CQDs and CsPbI; NCs
were separately dissolved in chlorobenzene (20 mg mL ™) to
form solutions. These solutions were combined in different
volume ratios, resulting in the formation of a nanocomposite
solution of CsPbl;:PbSe. The optimal volume ratio of 1: 0.5 was
determined, considering its advantages of low dark current and
high absorption capability. The resulting nanocomposite solu-
tion was then spin-coated onto the ETL of the ZnO layer at
1000 rpm for 30 seconds and annealed at 80 °C for 1 hour. This
process facilitated the formation of the nanocomposite layer on
the surface. To modify the surface properties of the ETL, Cs,CO;
was integrated with ZnO. The thickness of the active layer
increased after treating the CsPbl;:PbSe layer with a solution
containing 3-mercaptopropionic acid (MPA) dissolved in
acetonitrile. To create a hole-transporting layer, a solution of
CuSCN (15 mg mL™') was spin-coated onto the active layer.
Finally, an Au electrode was fabricated on the top surface of the
device through thermal evaporation. This step completed the
construction of the photodetector.

Characterization of the fabricated device was performed
using specific tools, the details of which are mentioned in Note
S3 (in the ESI). Comprehensive information regarding the
TCAD simulation procedures can be found in Note S4 (in the
ESI).T This ESI documentt offers a detailed account of the
methodologies, models, and parameters employed in the TCAD
simulations. By referencing Note S4,t readers can gain a thor-
ough understanding of the intricacies involved in our compu-
tational investigations, including the specific models used to
analyze the absorbed photon density, optical generation, and
electrical behavior within the various components of the
photodetectors.

3. Results and discussion

The optical properties of CsPbI; NRs and PbSe QDs were
investigated using UV-vis absorption spectroscopy. Fig. 1a
shows that the UV-vis and PL spectra of CsPbI; NRs exhibit
a strong absorption peak in the visible range, which is attrib-
uted to their direct bandgap characteristics. Fig. 1b shows the
absorption spectra of pristine PbSe CQDs and their physically
blended nanocomposite with CsPbI; NRs (i.e. CsPbI;:PbSe). The
absorption onset of PbSe QDs occurs in the IR region due to
their tunable bandgap properties. The combination of CsPbl;
NRs and PbSe QDs results in broadened absorption character-
istics, covering both the visible and IR regions. This synergistic
absorption behavior is crucial for enhancing the overall spectral
response of the hybrid nanocomposite. To assess the stability of
CsPbl; and PbSe, UV absorption spectra were monitored over
varying time intervals. UV absorption spectra were subsequently
collected at regular time intervals, ranging from the first day to
30 days for CsPbI; NRs and from the first day to 6 months for
PbSe QDs, to observe any changes in absorption characteristics
as shown in Fig. S1 and S2 (in the ESI).f Each measurement
involved scanning the samples over a designated wavelength

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Absorption and PL spectra of the as-synthesized CsPbls NRs

(a), absorption spectra of pristine PbSe QDs and their blended hybrid

CsPbls:PbSe nanocomposite (b), and pristine ZnO NPs and their hybrid Cs,CO3:ZnO nanocomposites (c). XPS spectra of pristine PbSe QDs,

CsPblz NRs and their CsPbls:PbSe nanocomposite (d). XRD patterns of

PbSe QDs, CsPbls NCs, and their hybrid nanocomposites (e). TEM image

of pristine PbSe QDs (f), and HRTEM image of PbSe QDs (g). TEM image of the pristine CsPbls NRs (h), and the HRTEM image of CsPbls NRs (i).

range, typically covering the UV-vis-NIR region relevant to the
absorption properties of the materials. The UV-vis absorption
spectra of CsPbl; NRs and PbSe QDs are presented at various
time points, highlighting the materials’ absorption behavior
over time. These spectra provide insights into the stability of
these nanomaterials under specific environmental conditions.
The comparison of spectra at different time points assists in
evaluating the long-term stability of CsPbl; NRs and PbSe QDs
for optoelectronic applications. The optical properties of the
pristine ZnO NPs, Cs,COs3, and their blended composite were
also characterized by UV-vis absorption spectroscopy, as shown
in Fig. 1c. The UV spectrum analysis provides insights into the
energy bandgaps, absorption onset, and electronic transitions
of the materials, contributing to a comprehensive under-
standing of their optical behavior.

Moreover, XPS analysis was employed to investigate the
surface chemical composition and elemental states of CsPbl;
NRs and PbSe QDs and the hybrid CsPbl;:PbSe nanocomposite,

© 2024 The Author(s). Published by the Royal Society of Chemistry

as shown in Fig. 1d. The CsPbl; NRs show distinct peaks cor-
responding to Cs, Pb, and I elements, confirming the presence
of the perovskite composition. PbSe QDs exhibit peaks corre-
sponding to Pb and Se elements. The binding energies and
intensity ratios of these peaks provide insights into the chem-
ical states and stoichiometry of the materials. The XPS analysis
confirms the chemical composition of the individual compo-
nents, which is crucial for understanding the subsequent
interactions at the nanocomposite interface. The XPS spectrum
of the hybrid nanocomposite of CsPbl;:PbSe shows the super-
position of both materials showing all the peaks of both
materials in the actual position, which indicates the physical
blending of PbSe QDs with CsPbI; NRs. Fig. S31 shows the XPS
spectra of all individual components with their orbital orien-
tations. The crystallographic structure of CsPbl; NRs and PbSe
QDs was investigated by conducting X-Ray Diffraction (XRD)
analysis. Fig. le shows the XRD patterns of these nano-
materials. The XRD pattern of CsPbl; NRs confirms their

Chem. Sci, 2024, 15, 8514-8529 | 8517
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perovskite crystalline structure. The diffraction peaks corre-
spond to the crystallographic planes, indicating the high crys-
tallinity of CsPbI; NRs. Similarly, the XRD pattern of PbSe QDs
verifies their nanocrystalline nature. The observed diffraction
peaks align with the expected crystallographic phases. The
compatibility of the crystal structures of CsPbl; NRs and PbSe
QDs is essential for achieving a well-integrated hybrid nano-
composite showing their suitable physical blending. Trans-
mission Electron Microscopy (TEM) imaging was employed to
visualize the morphology and nanostructure of CsPbI; NRs and
PbSe QDs. Fig. 1f and g show the TEM and high-resolution TEM
(HRTEM) images of the PbSe QDs, while Fig. 1h and i show the
TEM and HRTEM images of CsPbl; NRs. The TEM images reveal
the nanorod morphology of CsPbI; NRs in well-defined
dimensions with an average diameter of 10 nm. PbSe QDs
exhibit a spherical morphology with a dimeter size of 5 nm,
which is consistent with the synthesis method. The size distri-
bution plots of both nanomaterials are shown in Fig. S4 and
S5.1 The spatial distribution of PbSe QDs on CsPbl; NRs and
their interfacial interactions are crucial for facilitating charge
transfer processes and improving the overall optoelectronic
properties of the hybrid structure.

Fig. 2a displays the scanning electron microscopy (SEM)
image of the PbSe QD layer. The image reveals the surface
morphology of PbSe QDs, showing their nanoscale size and
colloidal nature. The dots exhibit a characteristic uniformity
and distribution with high roughness, indicating a controlled
synthesis process. The size and shape of the QDs can play

View Article Online
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a crucial role in their optoelectronic properties, including
absorption and charge transport characteristics. Fig. 2b pres-
ents the SEM image of CsPbI; NRs. The image offers insights
into the morphology and structure of the CsPbl; NR film. The
nanorods exhibit an elongated geometry with a well-defined
aspect ratio. The uniformity and alignment of the nanorods
indicate the controlled growth process with their exceptional
optical and electrical properties, making them promising
candidates for optoelectronic applications. In Fig. 2c, the SEM
image of ZnO NPs is displayed. The image shows the
morphology of the ZnO nanoparticles, which typically exhibit
a nanoscale size with a characteristic spherical or quasi-
spherical shape. The ZnO NP film as an ETL plays a pivotal
role in their charge transporting properties and their role as an
ETL in optoelectronic devices. Fig. 2d provides the SEM image
of the blended ZnO:Cs,CO; nanocomposites. The image offers
insights into the morphology of the nanocomposite film, where
ZnO nanoparticles are blended with Cs,COj; (i.e. ZnO:Cs,COj3).
The resulting Zn0O:Cs,CO; nanocomposite is expected to exhibit
unique morphological features that are influenced by the
presence of Cs,CO;. The successful integration of PbSe
quantum dots and CsPbl; nanorods in the nanocomposite
(CsPbI;:PbSe) is confirmed through Energy Dispersive X-ray
Spectroscopy (EDS) analysis, which provides crucial insights
into the elemental composition of materials, offering valuable
information about the presence and distribution of specific
elements within the samples, as shown in Fig. S6.f In the
context of PbSe and CsPbl;, the CsPbl;:PbSe nanocomposites

g 431.7nm

1.1p-29-20m
-34.1nm

654.1nm
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Fig.2 SEM images of the pristine PbSe QD film (a), CsPblz NR film (b), ZnO NPs (c), and hybrid ZnO:Cs,CO3z nanocomposite film (d). AFM images
of pristine PbSe QDs (e), CsPbls NRs (f) and their blended CsPbls:PbSe nanocomposite film (g), pristine ZnO NPs (h), and physically blended

Zn0:Cs,CO3 nanocomposites (i).
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confirm the stoichiometry and composition of the materials.
Fig. 2e-g show the atomic force microscopy (AFM) images of the
pristine PbSe QD film, ZnO NRs and their hybrid CsPbI;:PbSe
nanocomposites, while Fig. 2h and i show the AFM images of
the pristine ZnO layer and ZnO:Cs,CO3; nanocomposites. All
these AFM images are very consistent with their SEM images.
Being an alkaline compound, Cs,CO; can act as a passivating
agent, mitigating the impact of surface defects and trap states
within the ZnO film. Surface defects can lead to non-radiative
recombination of charge carriers, reducing device efficiency.
Upon introducing Cs,COj3, these defects are occupied by charge
carriers, reducing their impact on recombination processes.
Therefore, the combined absorption behavior of the blended
ZnO0:Cs,CO; film contributes to the efficient generation as well
as transportation of charge carriers within the device. This
passivation effect contributes to the overall enhancement of
charge carrier dynamics and device performance.

Photoluminescence (PL) intensity and lifetime are key
parameters that can provide insights into the optical properties
and carrier dynamics of materials. Fig. S7at shows the PL of the
pristine CsPbl; and CsPblI;:PbSe composite. In the case of
CsPbls, its pristine form typically exhibits a strong PL signal due
to its direct bandgap characteristics. The PL intensity and life-
time of CsPbI; can be affected by factors such as defects, surface
states, and interactions with other materials. In the CsPbI;:PbSe
nanocomposite, the PL properties of CsPblI; are expected to be
influenced by the presence of PbSe QDs. The interaction
between CsPbl; and PbSe QDs can lead to changes in the PL
intensity and lifetime of CsPbl;. For example, if the PbSe QDs
act as recombination centers or quenchers, they could reduce
the PL intensity and shorten the PL lifetime of CsPbl;. On the
other hand, if the PbSe QDs facilitate charge transfer processes
or passivate surface defects, they could enhance the PL intensity
and prolong the PL lifetime of CsPbl;. As for the photo-
luminescence of PbSe QDs, they are known to exhibit size-
dependent PL properties due to quantum confinement effects.
Smaller PbSe QDs typically have higher PL quantum yields and
shorter PL lifetimes compared to larger QDs. The PL of PbSe
QDs can also be influenced by surface ligands, defects, and
interactions with other materials in a composite structure. As
shown in Fig. 3a, the PL intensity of the nanocomposites is
increased and becomes broadened, which means the surface of
the active layer is passivated and there is a strong increment of
photo-induced charge carriers which can increase the exciton
generation rates.

The carrier lifetime was evaluated using time-resolved pho-
toluminescence (TRPL) spectroscopy with the time-correlated
single-photon counting (TCSPC) method. This technique was
employed for both pristine CsPbl; NRs and CsPblI;:PbSe
blended nanocomposites, utilizing an Edinburgh FLS920
system and a 405 nm laser. A 600 nm short-pass filter was
applied to capture the emitted PL photons, as illustrated in
Fig. S7b.T The higher normalized PL intensity observed in the
blended nanocomposites indicates a higher presence of photo-
induced charges in the blended film and a larger generation of
excitons compared to pristine CsPbI; NRs. The TRPL data was
analyzed using bi-exponential fitting to extract the fast and slow

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decay components, denoted as 7, and 1,, respectively. The fast
PL decay (t;) corresponds to non-radiative recombination
caused by charge trapping effects. On the other hand, the slow
decay rate (t,) is associated with holes that are mostly localized
in the core, while electrons are significantly localized at the
surface. To calculate the average lifetimes (tay.), the following
relation was utilized: A(t) = A; exp(—t/t1) + A, exp(—t/1,) and Ty
= (A171” + 4,1,°)/(A1T, + A,7,). The parameters for CsPbl; and
CsPbl;:PbSe extracted from TRPL data after fitting are listed in
Table S1 (in the ESI).} The reduced wave function overlap
between the hole and electron of an exciton increases the
radiative lifetime of the exciton. In the CsPbl;:PbSe nano-
composite, 7, is higher than in pristine CsPbI; NRs, indicating
enhanced delocalization. This reduces charge trapping and
non-radiative recombination and enhances the dissociation of
photogenerated charge carriers, ultimately leading to improved
device performance.

The incorporation of Cs,COj; into the ZnO layer brings about
a series of benefits that collectively contribute to the enhanced
device performance.**** One key advantage is the improvement
of electron transport properties within the ETL. ZnO nano-
particles possess excellent electron mobility, facilitating effi-
cient electron extraction and transport. By blending Cs,COs3,
additional charge carriers, including electrons, are introduced
into the ZnO layer. This increased electron density results in
improved electron mobility, reducing the likelihood of electron
traps and enhancing the overall electron transport efficiency
within the layer and can impact its charge transporting prop-
erties, interface interactions, and overall device performance.
Therefore, the morphological characteristics revealed by the
SEM images of these materials provide important insights into
their potential roles in optoelectronic devices. The controlled
synthesis and morphology of these materials contribute to their
charge generation, transport, and interaction with incident
light, ultimately influencing the efficiency and performance of
photodetectors and other optoelectronic applications. The
incorporation of the Cs,COj; solution into the ZnO nanocrystal
film aims to improve the device performance by modifying the
electron transport properties.****

The current-voltage (I-V) curves of self-powered photode-
tectors provide valuable insights into their ability to generate
photocurrent without an external bias. Three kinds of device
structures have been fabricated to analyze the I-V curves: ITO/
ZnO/CsPbl;/PbSe/CuSCN/Au (device A), ITO/ZnO/CsPbl;:PbSe/
CuSCN/Au (device B), and ITO/ZnO:Cs,CO3/CsPbl;:PbSe/
CuSCN/Au (device C), as shown in Fig. 3a-c, respectively. All
these photodetectors offer important information about their
photoresponse and self-driven behavior. The I~V curves of
devices A, B, and C in the dark and under 532 nm illumination
are shown in Fig. 3d-f, and those in the dark and under 980 nm
illumination are shown in Fig. 3g-i. The dark current passes
through the origin and the photocurrent shows a slight upward
shift from the origin, indicating the self-driven behavior of the
device. This deviation of the photocurrent from the dark current
curve represents the self-generated photocurrent in all three
kinds of structures due to the absorption of photons by the
active layer and the heterojunction structures of the three
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Fig.3 Schematic diagram of devices A (a), B (b), and C (c). /-V characteristics of fabricated devices A, B and C in the dark and under 532 nm (d—f)

and under 980 nm (g—i) illumination.

photodetectors. Analysis of the I-V curves of all these self-
powered photodetectors provides insights into their ability to
generate photocurrent under illumination without an external
bias.

Fig. 4a shows the dark current and photocurrents of the
above three photodetectors to compare the difference of the
device performances. As is well-established, achieving high-
performance photodetectors necessitates a dual objective:
minimizing the dark current while maximizing photocurrent.
Consequently, the superior performance of device B to that of
device A can be attributed to several factors: one is the forma-
tion of a bulk-heterojunction within the active CsPbl;:PbSe
layer. In device B, the significant reduction of dark current can
be attributed to the advantageous characteristics of the
CsPbl;:PbSe bulk-heterojunction.

8520 | Chem. Sci, 2024, 15, 8514-8529

The effective blending of these materials facilitates improved
charge carrier separation and transport within the device. This,
in turn, leads to a reduction in dark current levels. It should also
be noted that the high performance of device B is not exclusively
due to the lower dark current, but it's also associated with an
amplified photocurrent. The bulk-heterojunction structure in
this device enhances the absorption of incident photons and,
consequently, the efficient generation and separation of charge
carriers in response to illumination. However, unfortunately the
photocurrent is not increased as expected; instead, it is less
than that from device A. To understand why this happens, we
should keep in mind that for the best photodetectors all the
photons should produce excitons and all the excitons should be
dissociated and then electrons and holes should be transported
towards their respective electrodes. However, the possibility of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carrier recombination in the bulk-heterojunction layer is higher
than carrier dissociation due to the slow transportation of
photogenerated electrons. Therefore, to improve the carrier
transportation the electron transporting layer of ZnO is modi-
fied by blending it with Cs,CO;. Consequently, the dark current
is further reduced and the photocurrent is further enhanced, as
shown in Fig. 4a, due to efficient photogenerated electron
extraction and transportation after their successful dissocia-
tion. Thus, one can see why device C shows the lowest dark
current and the highest photocurrent as compared to the other
two devices. A higher self-powered photoresponse implies more
efficient charge carrier generation, separation, and collection
within the active layer. Lower dark currents contribute to
improved signal-to-noise ratios and enhanced self-powered
performance.

The I-V curves of the self-driven photodetector ITO/
Zn0:Cs,CO;3/CsPbl;:PbSe/CuSCN/Au reveal its self-powered
behavior and efficiency. The blended ZnO:Cs,CO; layer
contributes to the efficient extraction and transportation of
photogenerated current from the CsPbl;:PbSe active layer. The
deviation from the dark current curve highlights the enhanced
charge carrier dynamics introduced by the modification of the
photoactive layer and ETL. This self-powered response shows
the potential of the device to operate at zero bias, converting the
incident light into usable electrical current. Additionally, the
performances of the photodetectors were examined by theo-
retical simulation in terms of dark current and photocurrent to
verify their reliability. Fig. 4b shows the I-V curves in the dark
and under illumination for devices A, B, and C, which are
extracted from their /-V maps of photocurrents in Fig. 4c-e,
respectively. From these I-V results one can see that the

© 2024 The Author(s). Published by the Royal Society of Chemistry

simulated results are very consistent with experimental data,
verifying the reliability of the device.

To comprehensively evaluate the photoelectric performance
of the device, we conducted measurements on the crucial figure
of merit parameters of photodetectors. Because device C shows
the best performance among these devices, the following
calculations are presented only for device C. Fig. 5a presents the
dependence of photocurrent on the incident illumination
intensity in the self-driven mode. Clearly, the photocurrent
increases with increasing the incident intensity. Upon further
increasing the illumination intensity, a saturation point is
reached, indicating the expansion of the depletion region due to
the excess carriers at the heterojunction. An essential attribute
of the photodetector, photosensitivity (K), was evaluated. This
parameter represents the ratio of incident light spanning
a broad spectral range to the dark current, and it is mathe-
matically expressed as K = Inoto/ldark-> > Here, Iphoto COITE-
sponds to the current under illumination (L — Igarn), Where Iy
represents the current under illumination and I,y represents
the dark current. Notably, the photosensitivity value was
determined to be 7.25 x 10* under 80 uW cm™? 980 nm illu-
mination. Similarly, Fig. 5b shows the photosensitivity of device
C with respect to the incident light intensity. The sensitivity of
a photodetector under illumination is termed as photo-
responsivity (R), and it is expressed as R = Iphoto/Pint,>>* repre-
senting the ratio of the photocurrent to the illumination power
intensity (Py;). It is noteworthy that peak R of device C, which is
9.29 AW " under 80 uW cm ™2 980 nm illumination, is depicted
in Fig. 5c. It is evident that R declines with increasing the illu-
mination. The specific detectivity (D*), which is dependent
upon R and dark current, was determined by the relationship
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A . . .
D* =R x ,/|-———, where q is the electronic charge, R is the
2qIqark

photoresponsivity, and A is the effective area of the conductive
channel within the photodetector.*”** Fig. 5d provides insight
into D* as a function of illumination intensity. It is essential to
acknowledge that the value of D* is intricately linked to R and
the dark current. Consequently, higher D* values are achieved
through elevated photoresponsivity and suppressed dark
current. Remarkably, a substantial D* of 3.17 x 10'* Jones is
recorded under an illumination of 80 yW cm™2 at 0 V. This
pronounced enhancement in photoresponse corroborates effi-
cient electron dissociation through the bulk-heterojunction
mechanism, where both region surfaces (photoactive layer
and electron-transporting layer) are passivated. Electrons and
holes are adeptly mobilized by the ZnO:Cs,CO; and CuSCN
components, and subsequently extracted through extended
buffer layers. Photoelectric parameters as a function of illumi-
nation intensity for devices A and B are shown in Fig. S8 and
S9,T respectively. The R and D* under 532 and 980 nm illumi-
nation are shown in Fig. 6. From here, an extensive analysis was
carried out to thoroughly assess the photoresponsivity and
specific detectivity of devices A, B, and C. This comprehensive
evaluation aimed to facilitate a comprehensive comparison
among all devices, encompassing various levels of illumination
intensity.

The linear dynamic range (LDR) is a crucial parameter that
characterizes photodetectors, indicating their capability to

8522 | Chem. Sci,, 2024, 15, 8514-8529

accurately detect a broad spectrum of light intensities. It
quantitatively assesses the photodetector's ability to maintain
linearity in its response across a wide range of incident light
intensities, thereby highlighting its sensitivity and versatility in
capturing different light levels. This metric is defined as
]max

min
and minimum measurable current densities, respectively.** For
the case of device C, a substantial LDR value of 80 dB is achieved
under 80 pW cm ™2 980 nm illumination. This remarkable LDR
value underscores the device's capacity to accommodate
a diverse spectrum of light intensities while maintaining accu-
rate and reliable performance. The high LDR value of device C
emphasizes its potential suitability for applications with supe-
rior precision across a broad range of light levels. Fig. S107
shows the illumination intensity dependent LDR for devices A
(a), B(b), and C (c) under 405 nm, 532 nm, 980 nm, and 1550 nm
illumination, respectively. Furthermore, Table S2+ (in the ESI)
shows a comprehensive compilation of the essential parameters
associated with devices A, B and C. Notably, the device perfor-
mance is not only on par with but in some cases even superior to
those of previously reported self-driven photodetectors. Thus,
the advancement achieved by the current study in enhancing
the performance and efficiency of self-driven photodetectors
thereby contributes to the progression of photodetection tech-
nologies. A comparative analysis of current device perfor-
mances with literature to demonstrate the

LDR = 20 log

, where J.x and Ji, denote the maximum

existing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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intensities.

advancements and unique features of photodetector devices is
presented in Table S3f, which provides a comprehensive
comparison of previously presented self-powered photodetec-
tors based on perovskites and other nanomaterials.

In the context of applications such as switching and high-
frequency optical sensing, an investigation into the time-
dependent photoresponse behavior of the photodetectors was
conducted, encompassing diverse laser wavelengths and
various illumination intensities. Fig. 7a and c show the time-
dependent photoresponse characteristics of device C under
a specific illumination intensity, at 0 V and —3 V. Simulta-
neously, Fig. 7b and d show the time-dependent photoresponse
of device C at 0 V under various illumination intensities. The
outcomes of these experiments highlight the facile transition
between ON/OFF modes in the context of broadband detection
for device C, confirming its reproducibility. The rising time (z,)
and falling time (t¢), denoting the time interval for the photo-
current to ascend from 10% to 90% and descend from 90% to
10%, respectively, were calculated as per established practice.*
The specific values of 7, and t¢ are comprehensively displayed in
Fig. S11-513 (in the ESI),T providing a comprehensive overview
of the temporal characteristics of the photodetector's
photoresponse.

The examination of device performance is extended through
the utilization of theoretical simulations, wherein a compre-
hensive analysis is conducted encompassing several crucial
parameters for devices A, B and C. These simulations entail the
estimation of absorbed photon density, exciton generation,
electron density, electron mobility, and the determination of

© 2024 The Author(s). Published by the Royal Society of Chemistry

built-in electrostatic potential, all of which are facilitated
through TCAD simulations. Fig. 8a—-c exhibit the spatial distri-
bution maps of absorbed photon density, exciton generation,
and electron density within device A. Correspondingly, Fig. 8d—f
illustrate the corresponding absorbed photon density, optical
generation, and electron density maps for device B, while
Fig. 8g-i show the same for device C. The estimation of photon-
absorbed density within the photoactive region of the device
across distinct wavelengths can be facilitated through simula-
tion, providing insights into the photon interaction dynamics.
Remarkably, the simulation revealed a peak photon-absorbed
density of 5.9 x 10*° em™® s~' under 980 nm illumination.
Notably, upon a comparative evaluation of these maps, it
becomes evident that device C outperforms devices A and B in
terms of their exhibited characteristics, which is in good
agreement with experimental results. These comprehensive
visualizations offer insights into the localized behavior and
interaction of critical parameters within the distinct active
regions of the device. Such analyses contribute to a deep
understanding of the mechanisms underpinning the perfor-
mance differences for all devices, aiding in the identification of
factors contributing to the superior performance of device C.
The photon absorbed densities across a range of wavelengths,
namely 405 nm, 532 nm, 980 nm, and 1550 nm, are illustrated
in Fig. S14.1 The proficiency of the hybrid nanocomposite in
eliciting exciton generation within the active region hinges
upon its absorption capacity. This correlation is appropriately
illustrated through the exciton generation maps shown in
Fig. 8, substantiating the congruence between absorbed photon

Chem. Sci., 2024, 15, 8514-8529 | 8523
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illumination with fixed and under various intensities.

densities and exciton generation patterns. Consequently, the
augmented exciton generation count in the active region,
facilitated by the hybrid CsPbI;:PbSe nanocomposite, engen-
ders a concurrent enhancement in photocurrent. Further
insight into the system's behavior is garnered from the
maximum electron density at the active layer's surface, which is
deduced to be 8.5 x 10'7 cm ™ in the simulated device C, as
depicted in Fig. 8. This parameter offers valuable knowledge
about the concentration of charge carriers and their interaction
within the photoactive layer. Additionally, the simulation
investigates the determination of built-in potentials for the
devices, which is a critical parameter that supports the opera-
tional characteristics of the device. These approximations of
built-in potential for devices A, B and C are presented in Fig. 9a-
¢, providing insights into the interplay of electronic charge
distributions and their effects on the built-in potentials.
Collectively, the simulation-derived information concerning
photon-absorbed density, exciton generation, electron density,
and built-in potentials contributes to a comprehensive under-
standing of the device's optoelectronic performance and
establishes crucial insights into the factors governing its oper-
ation. The stability of device C is shown in Fig. S15 and S167
following a 60 day period. The aim of this experiment is to
evaluate the dark and photocurrent characteristics as well as the
time-dependent photoresponse of the manufactured photode-
tector in order to determine its reliability. In order to assess any
changes in performance over time, measurements were per-
formed both on the first day and sixty days thereafter. The

8524 | Chem. Sci, 2024, 15, 8514-8529

findings show that the device performance decreased by 3%
from its initial state to the end of the 60 day period. The
apparatus maintains its self-powered behavior in spite of this
modest decline, highlighting its steady and dependable opera-
tion over a prolonged length of time.

Clarifying the underlying mechanism of photocurrent
generation assumes essential significance. In the context of
achieving high-performance photodetectors, key factors
encompass the attenuation of dark current and the augmenta-
tion of photocurrent. The origin of dark current predominantly
traces back to the rate of charge injection from the electrodes
into the active layer, where this injection rate finds its
grounding in the injection barrier. The process involves the
injection of carriers from a high work function electrode into
the lowest unoccupied molecular orbital (LUMO) energy level or
thermally generated carriers within the active layer. These
carriers then navigate under applied voltages towards their
respective electrodes, eventually converging at the electrode
interface. Minimization of the hole injection barrier is feasible
by selecting an electrode with a lower work function, entailing
a deeper highest occupied molecular orbital (HOMO) energy
layer. Consequently, the stratification of the photoactive layer
warrants meticulous calibration to realize a reduced dark
current and magnified photocurrent.

The incorporation of CsPbl;:PbSe engenders a partial donor-
acceptor interpenetration due to the coexistent physically
blended bulk heterojunction, fostering a pristine phase capable
of efficaciously obstructing adverse charge carriers during

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Simulated absorbed photon density, exciton generation and electron mobilities for devices A (a—c), B (d—f) and C (g—i) under 980 nm

illumination.

periods of darkness and intensifying photocurrent upon illu-
mination. Under specific wavelength illumination, electron
promotion from the HOMO to LUMO transpires. CuSCN and
Zn0:Cs,CO; assume crucial roles in further curtailing dark
current and amplifying photocurrent through the imposition of
higher energy barriers. These layers, besides serving as hole-
transporting and electron-transporting agents, concurrently
function as electron-blocking and hole-blocking layers, respec-
tively. This multi-faceted deployment of CuSCN and ZnO:Cs,-
CO; engenders augmented energy barriers for charge injection
during reverse bias, while sustaining an intricate energy
cascade bridging the CsPbl;:PbSe layer and the associated
electrodes. Fig. 9 shows the estimated energy-band diagram for
device C to understand the underlying mechanism of photo-
generated electrons and their transportation after exciton
dissociation. The HOMO and LUMO levels for PbSe, CsPblj;,
ZnO, and ZnO:Cs,CO; presented in the energy band diagram
are estimated by ultraviolet photoelectron spectroscopy (UPS)
measurement and the extrapolation of Tauc plots extracted
from the absorption spectra. The efficient generation of charge
carriers and the reduction of non-radiative recombination
contribute to the improved photoresponsivity and overall device
performance. The use of a blended ZnO:Cs,CO; as an ETL also

© 2024 The Author(s). Published by the Royal Society of Chemistry

offers the potential for spectral tuning in optoelectronic devices.
The bandgap of ZnO nanoparticles is well suited for UV
absorption, whereas the optical transparency of Cs,CO; in the
UV region allows for effective light transmission. By adjusting
the blending ratio between ZnO and Cs,COj3, it may be possible
to fine-tune the absorption properties of the ETL, optimizing its
response to specific wavelength ranges. This tunability could
lead to the development of devices with tailored spectral
sensitivity, addressing specific application requirements.

The transportation of charge carriers within the uniform and
passivated photoactive layer (CsPbl;:PbSe) and the ETL
composed of a Zn0:Cs,CO; nanocomposite film is governed by
the injected charge carriers and their mobility. Additionally, the
activation energy and injection barrier for hole mobility can be
decoupled in semiconductor devices.* Consequently, defects
present on the surface of the active layer can reduce the thermal
activation energy within the pristine CsPbl; layer. The inter-
penetration of PbSe QDs with CsPbI; NRs may create a con-
ducting channel due to the passivation effects. Similarly, the
interpenetration of ZnO into Cs,CO; can establish a compact n-
type conducting channel as the ETL at the bottom, connected to
the photoactive region. This configuration reduces the total
resistance by facilitating efficient charge transport through the
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Fig. 9 Built-in electrostatic potential maps for Device 1 (a), Device 2 (b), and Device 3 (c) by using TCAD simulation. Schematic diagram for
estimating the energy levels to understand the electron transportation mechanism (d).

active layer. Enhanced electron mobility in the hybrid films and
their accelerated movement towards the respective electrodes
emphasize rapid carrier transport through the bulk hetero-
junction. In essence, the photodetectors' operation hinges on
exciton creation in the active region via photon absorption
within the passivated compact film. Subsequent dissociation of
these excitons into electrons and holes at both interfaces of the
active layer will be enhanced. These disassociated charge
carriers are then collected by their respective electrodes via the
electron-transporting and hole-transporting layers and then
transported towards their respective electrodes. However,
achieving enhanced carrier transport presents challenges
despite the apparent simplicity of the setup. Firstly, photo-
generated excitons must reach the interfaces to avoid recom-
bination. Secondly, favorable energy level positions at the
interface promote swift exciton dissociation. The primary goal
is to maximize the number of charge carriers under illumina-
tion by minimizing recombination within the active region.
Consequently, carrier dissociation rates and their transport can
be maximized. Therefore, the integration of ZnO with Cs,CO;
modifies the ETL, decreases the recombination and enhances
the separation of charge carriers generated by light absorption.
These outcomes highlight the reliability and precision of the
photodetectors for diverse self-driven sensing applications.

8526 | Chem. Sci, 2024, 15, 8514-8529

Similarly, an enhanced photoresponse can be achieved through
further optimization of the device configuration, capitalizing on
the synergistic optoelectronic properties facilitated by the
CsPbl;:PbSe nanocomposite and surface-passivated ZnO:Cs,-
CO; ETL. Consequently, a broader range of applications can be
predicted for innovative photonic and optoelectronic devices.

4. Conclusion

In summary, in this work we have comprehensively explored the
design, fabrication, and performance evaluation of self-driven
photodetectors based on a novel configuration comprising
CsPbl;:PbSe nanocomposites and ZnO:Cs,CO; electron-
transporting layers. Through a systematic analysis of various
material characterizations and device measurements, signifi-
cant enhancements in both dark current reduction and photo-
current amplification were achieved. The integration of Cs,CO3
with ZnO as the ETL effectively improved charge carrier trans-
portation, leading to increased separation and reduced recom-
bination of photogenerated carriers within the active layer. This
was evidenced by the higher photosensitivity, photo-
responsivity, and specific detectivity of 7.25 x 10, 9.29 AW,
and 3.17 x 10'* Jones demonstrated by the photodetector ITO/
Zn0:Cs,CO;/CsPbl;:PbSe/CuSCN/Au under 80 tW cm ™2 980 nm

© 2024 The Author(s). Published by the Royal Society of Chemistry
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illumination in the self-driven mode. Theoretical simulations
provided insights into the underlying mechanisms and
corroborated the experimental data. The devices were found to
be self-driven, as seen by the notable increase in photocurrent
when compared to the dark current. This shift was attributed to
efficient charge separation in both the experimental and theo-
retically computed results. Our comprehension of the functions
of different parts of the device design is improved by these
discoveries, which also create new opportunities for the crea-
tion of high-performance self-driven photodetectors with
a wider range of optoelectronic device applications.
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