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Introduction

Templated growth of perovskite shells on
single-walled carbon nanotubes: a
solution-processable route towards tailored
devices

Gririraj Manoharan, Xuan Li, Stoichko Dimitrov 2/ * and Matteo Palma (2 *

Carbon nanotube (CNT)-based nanohybrids have shown considerable potential for the construction of
functional heterostructures with a diverse range of optoelectronic properties. To fully exploit their poten-
tial, high-performance solution-processed semiconductors with precisely controlled optical and elec-
tronic characteristics are desirable. In this regard, halide perovskite semiconductors are known for their
excellent and tunable optoelectronic properties and hence are ideal candidates for integration into CNT-
based nanohybrids towards the construction of systems and devices with enhanced functionality. Here
we present a strategy for the synthesis of solution-processable nanohybrids made of single-walled
carbon nanotubes (SWCNTs) and perovskite semiconductors, using methylammonium lead iodide
(MAPDI3) and cesium lead iodide (CsPbls), as proof-of-concept systems: the CNTs act as templates for
the facile and tunable formation of perovskite nanocrystals. We investigated the structural and electronic
properties of the assembled SWCNT heterostructures and demonstrated their integration (from solution)
into field-effect transistor device configurations. By harnessing the synergistic properties of carbon nano-
tubes and perovskites, we discuss pathways for the development of photoresponsive devices employing
these nanohybrids. The facile, solution-processable methodology we developed enables the spatial posi-
tioning of SWCNT-perovskite intermediate nanohybrids prior to crystallization, allowing the integration of
nanoscale SWCNT bundles into FET architectures toward optoelectronic applications.

or Cs*; B = Pb* or Sn*; and X = I, Br", or CI") and have
found different optoelectronics applications, including the use

The ability to combine the structural and optoelectronic pro-
perties of different nanomaterials into novel heterostructures
with enhanced functionality is of great interest, in particular
for optoelectronic applications."™ In this context, carbon
nanotube (CNT)-based nanohybrids have drawn attention due
to the one-dimensional (1D) charge transport character of the
nanotubes, their high surface area, and the resulting ability to
facilitate charge transfer at heterointerfaces for the generation
of low-dimensional heterostructures with tunable electronic,
optical, and mechanical properties."”™® Of particular interest
is the integration of CNTs with materials that possess tunable
optical and electronic properties."'*'* Among these, perovs-
kite semiconductors have shown great potential since the first
reports of high-performance perovskite solar cells in 2012.">7*
They have the general formula ABX; (where A = CH3;NH;"
[methylammonium (MA)], CH(NH,)," [formamidinium (FA)],
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in field-effect transistors,">"” light-emitting diodes (LEDs),"®"®
photodetectors,”®>" solar cells®* and gas sensors.>® Advantages
of perovskites are their solution processability and lightweight
nature, which can simplify device fabrication without sacrifi-
cing performance. Furthermore, perovskite semiconductors
are multi-crystalline and exhibit high light absorption coeffi-
cients, tunable band gaps, high photoluminescence quantum
yields, and long carrier diffusion lengths, making them highly
attractive for integration into hybrid nanostructures.>*>’

In this regard, the integration of multi-walled (MW) and
single-walled (SW) CNTs with perovskites has been investi-
gated primarily as thin films or dopants, demonstrating the
potential of these heterostructures for optoelectronic
applications.”>**® The synergy between perovskites and
carbon nanotubes has recently paved the way for highly sensi-
tive, flexible and stable next-generation neuromorphic sensor
arrays and advanced photodetectors.’’*> For instance,
SWCNTs were spray-coated as aligned arrays, followed by the
spin-coating of metal halide perovskite thin films onto pre-pat-
terned substrates, to facilitate the demonstration of optical
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switching behavior.*> More recently, Wang et al. reported a
growth strategy on SWCNT thin films, achieving high perform-
ance through optimized interface engineering with ligand-
coated perovskite quantum dots.>®> Growing perovskite nano-
crystals inside CNTs has also been established via melt inser-
tion and gas/liquid-phase infiltration, yielding an atomically
resolved interface structure for ultra-low power transistors and
X-ray detectors.**™*” However, only a limited number of studies
have demonstrated the growth of perovskite nanocrystals
directly on the surface of the CNTs and have done this by
employing MWCNTs,"?**® which have limited utility as tran-
sistor channels.”® Notably, Lee et al. demonstrated a nanoseed-
ing strategy to grow perovskite nanocrystals on MWCNTSs,
which were subsequently employed as green-emitting nano-
hybrids for UV detection and anticounterfeiting QR codes.*®

In this study, we developed a strategy to grow perovskite
nanocrystals as shells on SWCNTs and fabricated photore-
sponsive devices comprising CNT-perovskite nanohybrids.
This strategy offers unique flexibility, enabling the growth of
nanohybrids under annealing conditions, and can be poten-
tially tailored to specific device configurations. We demon-
strated the general applicability of our strategy employing
semiconducting SWCNTs of two distinct chiralities, namely,
(7,6) and (6,5), and two different perovskite materials, namely,
methylammonium lead iodide (MAPbI;) and cesium lead
iodide (CsPbl;). The coupling between the two nanomaterials
in the hybrid was investigated via structural and spectroscopic
characterization. As a proof of concept, solution-processable
photo-responsive devices with high responsivity and detectivity
were fabricated and characterized. Our method for synthesiz-
ing SWCNT-perovskite nanohybrids enables the construction
of nanomaterials with direct and continuous hetero-interfaces,
for potential applications in optoelectronics, sensing and

communication.**°>2

Results and discussion

Hybrid SWCNT-perovskite structures were prepared from solu-
tion for four hybrid combinations, using SWCNTs with (7,6)
and (6,5) enriched chiralities (see Fig. S1) as templates to grow
two types of perovskites: methylammonium lead iodide
(MAPDI;) and cesium lead iodide (CsPbls). A three-step perovs-
kite crystallisation approach was developed for their synthesis
[details of the methodology are presented in the Experimental
section]. In the first step, perovskite precursors were mixed
with SWCNTs in dimethylformamide (DMF). Ethyl acetate (EA)
antisolvent was then introduced into the solution to facilitate
perovskite nucleation.*®® In the third step, the solutions were
deposited onto surfaces and annealed to induce perovskite
crystal growth on the SWCNT nanotube bundles. The step-by-
step synthetic approach including a representative scanning
electron microscopy (SEM) image of a SWCNT-perovskite
nanohybrid device is shown in Fig. 1a. The morphology and
uniformity of the SWCNT-perovskite nanohybrids were first
examined wusing transmission and scanning electron
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microscopy (TEM and SEM); the results are shown in Fig. 1b, c
and Fig. S2a-f.

SEM and TEM imaging revealed nanocrystals on the sur-
faces of the SWCNTs, with growth occurring selectively on the
nanotube surfaces and independently of SWCNT chirality. The
average height distribution of the nanohybrids was found to
be 26.3 nm with a standard deviation (SD) of 8.6 nm, high-
lighting the formation of bundles of SWCNT-perovskite nano-
hybrids (see Fig. S3 for AFM images of a typical SWCNT-per-
ovskite nanohybrid bundle and its corresponding height
profile). SEM images further confirmed the specificity of the
growth, demonstrating dense crystal formation without signifi-
cant pinholes, as highlighted in Fig. 1b and c [see Fig. S2a-f
for TEM images of perovskite nanohybrid bundles with (7,6),
(6,5) and mixed chirality short (ss) SWCNTs, and Fig. S4 for
HRTEM images with the corresponding EDS mapping and
spectra].

Fig. 2 presents the X-ray diffraction (XRD) patterns of the
nanohybrids containing (7,6) and (6,5) nanotubes, compared
to those of MAPbI; and CsPbl; films. This analysis substanti-
ates the growth of MAPDI; nanocrystals (Fig. 2a) on the
SWCNTs, with distinctive peaks observed at 14.1°, 28.5°, 32.0°,
and 40.6°, corresponding to the (110), (220), (310), and (224)
planes of the orthorhombic perovskite crystal structure.**
Fig. 2b shows the characteristic diffraction peaks of CsPbl;
nanocrystals grown on (7,6) and (6,5) at 10°, 13.11°, 22.6°,
26.47°, 31.39° and 37.66°, assigned to the (020), (012), (112),
(110), (016), and (110) planes of the orthorhombic
y-phase.”®*” The comparatively low intensity of these peaks
for SWCNT-perovskite hybrids, relative to those of pure perovs-
kite thin films, can be due to the formation of bundles on the
substrate surface, making it less dense. X-ray photoelectron
spectroscopy (XPS) analysis of Pb 4f and I 3d for both MAPbI;
and CsPbl; (Fig. S5 and S6) revealed a small shift in the
binding energy likely related to electronic interactions between
SWCNTs and MAPbDI; perovskite crystals, as previously shown
in similar systems.”

Raman spectroscopy investigations provided insight into
the electronic interactions between the perovskites and the
(7,6) and (6,5) SWCNTs. In the pristine SWCNTs, the G and G’
bands were located at 1594 cm™" and 2602.7 cm™" for the (7,6)
chirality, and at 1590 cm™" and 2592.5 cm™" for the (6,5) chir-
ality, consistent with literature values.’® A blue shift in the G’
band was identified for all SWCNT-perovskite nanohybrids,
with peak values recorded at 2701.2 cm™" for (7,6) MAPbI;,
2710.99 cm ™" for (7,6) CsPbl;, 2690.5 cm™" for (6,5) MAPbI;,
and 2692.14 ecm™" for (6,5) CsPbl;, respectively. This shift has
been previously assigned to a decreased electron density in the
SWCNT r-network, suggesting net hole transfer from the per-
ovskite nanocrystals to the SWCNTs; lattice-induced strain
from the perovskite shell growth might also contribute to the
observed shifts (Fig. 3).>>**9%1

Photoluminescence (PL) spectroscopy characterization of
our SWCNT-perovskite hybrids detected emission from the
perovskite crystals. While neat perovskite films displayed PL
peaks at 780 nm for MAPbI; and 700 nm for CsPbl;, the CNT-

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic of the step-by-step procedure for the growth of perovskite nanocrystals (MAPbls and CsPblz) on single-walled carbon nano-

tubes and a representative SEM image of the device. SEM images of the resulting nanohybrids: (b) (7,6) SWCNT—-MAPDbI; and (c) (6,5) SWCNT-

MAPbDI3.
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Fig. 2 XRD patterns of (7,6) and (6,5) SWCNT—perovskite nanohybrids: (a) SWCNT—-MAPbI; and (b) SWCNT-CsPbls, with neat MAPbls and CsPbls

films, respectively.

perovskite nanohybrids exhibited a small blue shift for both
types of perovskites in the nanohybrids (Fig. 4a and b). This
shift is potentially attributable to the Burstein-Moss effect®
and is consistent with the energy shifts observed in XPS and
Raman caused by charge transfer from perovskite nanocrystals
to carbon nanotubes. The broadening of the MAPbI; PL
spectra in the two nanohybrids can be caused by variations in
defect properties and interaction-induced strain, as the perovs-
kite crystallites are grown on the SWCNT seeds. The XRD
results in Fig. 2 do not show any changes in the bulk crystal
lattice for this sample, suggesting that surface defects are
responsible for the observed spectral changes. We further
characterized mixed-chirality (ss) SWCNT-perovskite nano-
hybrids, and they also exhibited the same PL characteristics

This journal is © The Royal Society of Chemistry 2026

(Fig. S7). Moreover, we observed quenching of the PL emission
of the nanotubes upon formation of perovskite nanohybrids
(Fig. S8), strongly indicating electronic coupling between the
CNTs and the perovskites.

The electronic coupling in the nanohybrids was further cor-
roborated and quantified via time-resolved PL spectroscopy
characterisation, employed to assess the decay dynamics of the
electronic excitation in (7,6) SWCNT-MAPbI; (Fig. 4c). The
samples were excited with a 635 nm laser diode, and PL was
detected at the perovskite emission maximum at 778 nm. The
PL decay of MAPbI; was nearly mono-exponential, while the
hybrids displayed a clear bi-exponential decay. The PL lifetime
was found to decrease from 3.8 ns for MAPbI; to 0.7 ns in the
SWCNT-MAPbI; nanohybrids. This indicates strong quench-
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Fig. 3 Raman spectra of (a) (7,6) SWCNT-based and (b) (6,5 SWCNT-based pristine nanotubes and nanotube—perovskite nanohybrids (MAPbls and

CsPbls).
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SWCNTs, acquired with 405 nm excitation. (c) Time-resolved photoluminescence of MAPbIz and (7,6) SWCNT—-MAPDbIs nanohybrids using 635 nm
laser illumination. (d) Schematic illustration of the energy band diagram of MAPbIz, CsPbls and (7,6) & (6,5) SWCNTSs.

ing of photoexcited charges, most likely due to charge transfer
between the SWCNTs and the perovskite crystals. The elec-
tronic structures of the perovskites and the SWCNTs®>™%*
suggest that the dominant charge transfer process can be
ascribed to hole transfer from the perovskite to the nanotubes

Nanoscale

(see Fig. 4d), revealing close electronic coupling between the
two nanostructures. The photoinduced charge transfer pro-

cesses observed in the SWOCNT-perovskite nanohybrids
make these heterostructures promising for optoelectronic
applications.??3>:¢

This journal is © The Royal Society of Chemistry 2026
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In this regard, we fabricated phototransistor devices by
spin-coating the SWCNT-perovskite intermediate nanohybrid
solutions onto gold-plated interdigitated electrodes, exhibiting a
gap of 3 pm, patterned on Si/SiO, substrates (see the SI). Field-
effect transistor (FET) devices exhibited typical p-type behaviour,
as expected for pristine semiconducting SWCNTs (Fig. S9). Post
annealing, the SWCNT-perovskite devices were illuminated for
10 s at 20 s intervals using consecutively laser diodes with wave-
lengths of 650 nm, 532 nm, and 405 nm. Photocurrent was
measured (in a vacuum) through the source (S) and drain (D)
electrodes with a constant S-D bias (Vpg) of 1 V. All (7,6), (6,5)
and (ss) SWCNT-perovskite nanohybrids exhibited a positive
photocurrent change upon illumination at all three wavelengths
(Fig. 5a-d, S10a and S10b), while the pristine SWCNTs exhibited
the aforementioned decrease at 405 nm and minimal response
at 532 nm and 650 nm illumination (Fig. 5¢, f and S7c). The
behaviour of our SWCNT-perovskite nanohybrids is consistent
with photoinduced hole transfer from the perovskite nanocrys-
tals to nanotubes, in accordance with the PL data and band
alignment rationalisation discussed above (Fig. 4). Stability tests
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performed on a SWCNT-MAPDI; photoresponsive device stored
in air for one week showed consistent performance, while repro-
ducibility tests on multiple devices fabricated from different
batches exhibited similar photoresponse characteristics
(Fig. S11 and S12). In order to quantify the photodetector per-
formance, we determined the photoresponsivity (R) and specific
detectivity (D*) of all our SWCNT-perovskite devices under
405 nm, 532 nm and 650 nm light illumination (Fig. 5g, h and
Tables S13, S14). We observed the highest photoresponsivity
and detectivity values under 650 nm illumination. In particular,
the responsivity values at 650 nm for the SWCNT-MAPbI; nano-
hybrids were found to be 8.42 x 10> AW " and 1.71 x 10* AW,
for (7,6) and (6,5) MAPDI;, respectively, while we measured
responsivity values of 2.30 x 10* AW ™" and 2.53 x 10* AW™" for
(7,6) and (6,5) CsPbl; nanohybrids, respectively. The highest
detectivity (D*) was found to be 6.02 x 10" Jones for (7,6)
MAPDI; and 1 x 10" Jones for (6,5) MAPbI; at 650 nm, while
CsPbl; nanohybrid detectivity was determined to be 1.09 x 10"
Jones for (7,6) CsPbl; and 1.12 x 10" Jones for (6,5) CsPbl; at
650 nm.

a) 1m0 b) c)
——7,6 CNT-MAPDbI. ——7,6 CNT-CsPbl, 11.954 ——(7,6) CNTs
1398 3 39.0 405 nm 405 nm
405 nm
11.904
13.90 4 1854
1.
13.85 ol
I 3380 <
£ 1380 532 nm g 532 nm T %0
= = 650 nm = 3]
13.754 37.54 78
13.70 11.70
37.04 2
13.65 11.65 §32nm 650 nm
13.60 365 11.60
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (s) Time (s) Time (s)
d e
)za.oo )
—— 6,5 CNT-MAPbI, 42.04 405nm  —— 65 CNT-CsPbly ——(6,5)CNTs
4 405 nm
27.95 4191
650 nm
27.904 41.8
21854 4171
g <416
E ] E
=27.80 :41.5_ 5§32 nm
27.754 41.4] 650 nm
2770 41.34 1 s32nm 650 nm
] 9.50
5735 ] 412
411 N T T T T 9.45
[ 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (s) Time (s) Time (s)
g) ) i) Multi-Wavelength
2610t | —— 405 nm 1.2%10"2 | —*—405 nm Lasers 405 nm
. —e—532nm —*—532nm 532 nm
—&— 650 nm 1.0x10% 4 —&— 650 nm
<= 2.0%10* 4 + 650 nm
§ g 8.0%10" 4
>
£1.5%10* =
2 10 26.0x10"2 4
£ % Source Drain
51.0-10‘- £ 4.0x10
* ° //_’*—.
12 |
5.0%10° 4 / S WA"_ i
—
0.0 si
0.0 ]

7,6 MAPDI3 6,5 MAPbI3 7,6 CsPbI3 6,5 CsPbiI3

7,6 MAPDI3 6,5 MAPbI3 7,6 CsPbI3 6,5 CsPbi3

Nanohybrids

Nanohybrids

Fig. 5 Photoresponse of SWCNT devices and SWCNT-perovskite nanohybrids upon laser illumination with 405 nm, 532 nm and 650 nm wave-
lengths: (a) (7,6) CNT-MAPbIs, (b) (7,6) CNT-CsPbls, (c) pristine (7,6) SWCNTs, (d) (6,5) CNT-MAPDblIs, (e) (6,5 CNT-CsPbls, and (f) pristine (6,5)
SWCNTs. (g) Photoresponsivity (R) and (h) detectivity (D*) of the (7,6) and (6,5) carbon nanotube-—perovskite nanohybrids at three different wave-
lengths (405 nm, 532 nm and 650 nm; uncorrected for photon intensity). (i) Cartoon of photoresponse characterization of an SWCNT-perovskite

nanohybrid FET device.
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Previous reports on CNT-perovskite photodetectors, pri-
marily based on thin-film architectures, have demonstrated
admirable performance at shorter wavelengths, with responsiv-
ities in the range of 1.6 x 10° A W '-1.65 x 10" AW " and
detectivities reaching 3.1 x 10" Jones-2 x 10'® Jones at
405 nm, and up to 6.3 x 10° AW™" and 1.12 x 10" Jones at
532 nm.>>*” In comparison, our devices comprising limited
individual SWCNT-perovskite nanohybrid bundles (~26.3 nm)
exhibited responsivities of 3.74 x 10°-7.02 x 10> A W™ and
detectivities of 1.44 x 10">-3.31 x 10" Jones at 405 nm, and
responsivities of 4.65 x 10°-1.08 x 10* AW ™" with detectivities
of 2.79 x 10'2-5.90 x 10'? Jones at 532 nm. While these values
are modest relative to those of the best-performing thin-film
systems, they are among the highest reported for nanoscale,
bundle-based SWCNT-perovskite architectures. Notably, at
650 nm, where literature performance is limited,*® our devices
achieved superior responsivities of up to 2.53 x 10* AW " and
detectivities of up to 1.12 x 10" Jones. These findings high-
light the potential of our nanohybrid bundle design for
efficient broadband photodetection, particularly in the red
spectral region.>%3%377%2

Conclusions

In summary, we presented a facile solution-processable strat-
egy for the growth of perovskite nanocrystals as shells on
SWCNTs. (7,6), (6,5) and mixed-chirality short (ss) SWCNTs
were employed as templates for the synthesis of two types of
perovskites (MAPbI; and CsPbl;), resulting in the formation of
SWCNT-perovskite nanohybrids. XRD and PL spectroscopy
characterization confirmed the formation of perovskites, while
SEM and TEM showed uniform and dense perovskite coverage
on SWCNT bundles. Electronic interactions between the per-
ovskites and SWCNTs were detected by XPS and Raman spec-
troscopy, while steady-state and time-resolved PL experiments
allowed us to cast light on the photoinduced charge transfer
processes among the hybrid components. Moreover, we fabri-
cated solution-processable SWCNT-perovskite FET devices;
these exhibited photocurrent responses consistent with a hole
transfer process from the perovskite to the SWCNTs, corrobor-
ating the aforementioned PL spectroscopy investigations.
Finally, high responsivity and detectivity values were achieved
in our nanohybrid devices, broadly in line with most of the
previously presented perovskite-CNT thin-film photodetectors.
Notably, we achieved selective growth of perovskite nanocrys-
tals on SWCNTs and fabricated devices employing only a
limited number of hybrid bundles bridging prepatterned elec-
trodes. Our approach for the direct growth of perovskite nano-
crystals on SWCNTs is of general applicability, and the solu-
tion-processable strategy allows spatial positioning of SWCNT-
perovskite intermediate nanohybrids prior to crystallization,
enabling tuning of the annealing process and integration of
nanoscale SWCNT bundles into the device configuration. This
can pave the way for the development of future perovskite
nanohybrid structures to be employed in various device archi-
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tectures for diverse optoelectronic applications. SWCNTs have
smaller sizes and, most importantly, chirality-dependent opto-
electronic properties,”” making them compatible with the
requirements of computing and electronic devices.®®*”°
Integrating SWCNTs can offer various advantages for the for-
mation of SWCNT-perovskite nanohybrids with enhanced
functionality in optoelectronic applications.**”*

Experimental section
Materials preparation and device fabrication

Materials. Single-walled carbon nanotubes (SWCNTs) with
chiralities including (7,6) (77% carbon nanotubes) and (6,5)
(95% carbon nanotubes) were purchased from Sigma-Aldrich.
Short (ss) mixed-chirality SWCNTs (90% carbon nanotubes)
were purchased from US Research Nanomaterials, Inc., N,N di-
methylformamide (DMF, 99.8% anhydrous), ethyl acetate (EA),
methyl ammonium iodide (CH;NH;I), cesium iodide (CsI) and
lead iodide (Pbl,) were all purchased from Sigma-Aldrich and
used as received.

Dispersion of SWCNTs. 0.5 mg of SWCNTs with chiralities
including (7,6), (6,5), and short (ss) mixed-chirality nanotubes
were separately dispersed in 1 mL of DMF through ultra-
sonication (Branson 2800, 130 W). The dispersion process of
these three batches was carried out for 2 hours to ensure
effective separation of nanotubes. Following ultrasonication,
the mixture was centrifuged at 10000 rpm for 5 minutes to
obtain a uniformly dispersed SWCNT suspension which was
suitable for further processing and integration with perovskite
materials.

Preparation of perovskite precursors. The three-step nano-
tube-perovskite crystallization process begins by combining
the SWCNT solution with perovskite precursors. For MAPbI;,
0.17 g of methylammonium iodide (CH3;NH;I) and 0.46 g of
lead iodide (Pbl,) were dissolved in 1 mL of DMF and stirred
overnight at 60 °C under a controlled atmosphere within a glo-
vebox. Similarly, for CsPbl;, 0.25 g of cesium iodide (CsI) and
0.46 g of lead iodide (Pbl,) were dissolved in 1 mL of DMF and
stirred overnight at 100 °C under the same glovebox con-
ditions. After stirring, both precursor solutions, prepared at a
concentration of 1 M, were filtered through a 0.45 pm pore
polytetrafluoroethylene (PTFE) filter to remove undissolved
particles, ensuring their suitability for integration with
SWCNTs.

Mixing of perovskite precursors with SWCNTSs. The prepared
perovskite precursor solution (50 pL) was mixed with the
SWCNT dispersion (950 pL) via ultrasonication (130 W) for
1 hour. This step was performed to facilitate the uniform dis-
tribution of perovskite precursors on the SWCNT surface,
ensuring effective interaction between the two materials.
Subsequently, 100 pL of the perovskite-SWCNT mixture was
added to 1 mL of ethyl acetate, an anti-solvent, and sonicated
for an additional hour. This anti-solvent approach creates
favourable nucleation sites for the perovskite to grow around
the SWCNTs, forming well-defined nanohybrids.

This journal is © The Royal Society of Chemistry 2026
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Device fabrication. The resulting mixture was spin-coated
onto various substrates, including pre-patterned interdigitated gold
electrodes (electrode gap size: 3 pm; X&X Technology, UK), glass
substrates, and indium tin oxide (ITO) substrates, for subsequent
characterization. Spin coating was carried out for 30 seconds at
3000 rpm for homogeneous distribution of the mixture on the sub-
strate surface. After deposition, the film substrates were annealed
at different temperatures (100 °C for MAPbI; and 200 °C for
CsPbl; for 30 minutes, respectively) to facilitate crystallization and
improve the structural integrity of the nanohybrids. The annealing
process also helps in optimizing the electronic and optoelectronic
properties of the films by enhancing the interaction between the
SWCNTs and perovskite nanocrystals.

Electrical measurements. Electrical measurements were per-
formed using a probe station (PS-100, Lakeshore) equipped with
a semiconducting parameter analyser (Keithley, 4200SCS) at
room temperature. The analyser recorded the current through
the devices (Ips) where a constant voltage (1 V) was applied to
the source and drain electrodes. After the current stabilized,
lasers of different wavelengths, typically, 405 nm, 532 nm and
650 nm, were illuminated onto the devices one after the other at
regular time intervals (10 s ON time). We repeated this process
to test the reproducibility of the devices. Gate dependence
characterization of the devices was carried out by measuring Ing
vs. Vi curves in the range of —10 to 10 V at a fixed Vpg of 1 V,
using an HP 4148B semiconductor parameter analyzer.

Responsivity (R) and detectivity (D*). We calculated the
responsivity (R) and detectivity (D*) of our devices, which are
two essential parameters employed to evaluate photodetection
devices. Responsivity can be obtained using R = (Iight — Idari)/(S
x P), where Ligne is the current under illumination, Iy, is the
current under darkness, S is the effective area and P is the
power density of the light source. The specific detectivity can be
calculated using D* = RS1/2/(2ql4ani)1/2, where R is the respon-
sivity, S is the effective area, and g is the electron charge. The
effective area of the device (S) is determined using the formula:
S = (total area) — (non-active area). Here, the total area refers to
the entire region between the device electrodes, while the non-
active area represents the portion where no carbon nanotube-
perovskite nanohybrids are present between the electrodes.
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