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Although organic-inorganic halide perovskites continue 
to generate considerable interest with the high potential to 
be widely applied in a variety of optoelectronic devices, 
there are some critical obstacles to practical applications 
such as the toxicity of lead, the relatively low field effect 
mobility and the strong hysteresis during operation. Here 
we develop a universal approach to significantly improve 
mobility and operational stability, and reduce the 
hysteresis of perovskite-based transistors simultaneously
through coupling low-dimensional lead-free perovskite 
material (C6H5C2H4NH3)2SnI4 (hereafter abbreviated as 
(PEA)2SnI4) with embedded conjugated polymers 
wrapped semiconducting carbon nanotubes (semi-CNTs). 
In the (PEA)2SnI4/semi-CNTs hybrid systems, semi-CNTs 
can contribute as smooth tracks for carriers to transport 
with less scattering and trapping of perovskite grain 
boundaries. We also demonstrate the extraordinary
performance of (PEA)2SnI4/semi-CNTs hybrid 
phototransistors with ultrahigh photoresponsitivity and 
photosensitivity, which is found to be on a par with the best 
devices available to date.

Organic-inorganic halide perovskite has been reported 
as a bright star among semiconducting materials for 
various optoelectronic applications, with many great 
examples in specific fields of solar cells, light-emitting 
diodes (LEDs), and photodetectors. The main advantages 
of this versatile and attractive material family are not only 
superior carrier transport inheriting from inorganic 
semiconductors, but also solution-processability and 
exibility inheriting from organic semiconductors.  

Although the reports on superior optoelectronic devices 
using perovskite materials have increased explosively, the 
development of electronic devices such as thin film 
transistors (TFTs) is much slower, even though the first 
solution-processed perovskite TFT have been reported 
around two decades ago with a two-dimensional (2D) 
perovskite material, (C6H5C2H4NH3)2SnI4 (hereafter 
abbreviated as (PEA)2SnI4).1 Compared with three-
dimensional (3D) counterparts (e.g. CH3NH3PbI3), the 2D 
perovskites are expected to be an ideal channel materials 
for TFTs because the 2D layered structure have excellent 

compatibility with transistors that mainly use horizontal
charge transport. Additionally, (PEA)2SnI4 is lead-free, 
meeting the imperative demand to develop lead-free 
perovskite materials for practical environmental friendly 
applications, as the toxicity issue of lead remains a 
thorny problem for the long run.  

For the perovskite TFT development, in addition to
improving mobility, reducing the anomalous current-
voltage hysteresis observed at different voltage scan 
directions is another important and imperative challenge 
since most TFT applications require the identical 
threshold voltage during continuous operation.2-4 It has 
been proposed that solution-processed pristine 
perovskite polycrystalline films generally suffer from 
some imperfections such as grain boundaries, trapping 
defects, and drifting ions, which are regarded as the 
probable origin of hysteresis.5, 6 Recently, interfacing 
perovskite films with other functional materials has been 
suggested as an effective method to achieve optimal 
performance of a variety of perovskite-based 
optoelectronic devices due to the synergistic effect of 
individual building blocks.7-10 Inspired by the outstanding 
physical and (opto)electrical properties of conjugated 
polymers wrapped semiconducting carbon nanotubes 
(semi-CNTs), we assumed that marrying perovskites 
with semi-CNTs in composite films should be a viable 
approach toward high-performance (opto)electronics.
The grain boundaries that are known for the enrichment 
regions of charge traps, can be reduced across the high-
way-like carrier transport path, which is the role that 
semi-CNTs play in the hybrid films.11  

In this work, we report hybrid materials based on 
coupling lead-free perovskite with embedded conjugated 
polymers (poly(9,9-di-n-dodecylfluorene), PFDD)
wrapped semi-CNTs for high-performance and stable 
solution-processable TFTs and phototransistors. With
the addition of semi-CNTs in (PEA)2SnI4 films, the TFT 
mobility, hysteresis and stability as well as 
photodetectivity are dramatically improved through the 
reduction of scattering and trapping effects at grain 
boundaries of polycrystalline (PEA)2SnI4 films.

Perovskite/semi-CNTs precursor preparation:
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Purchased PEAI (Xi’an Polymer Light Technology Corp.) 
and SnI2 (Alfa Aesar) were dissolved in DMF at a 
stoichiometric molar ratio of 2:1 and kept at 60 °C for 2h in 
a glove box. For (PEA)2SnI4/semi-CNTs mixture precursor,
desired amount of semi-CNTs suspension (5, 10, and 20 
vol. %) were added into 0.5 mL pure (PEA)2SnI4 solution 
in glove box. Details of semi-CNTs suspension 
preparation can be found in our previous reports.12 The
mixture suspensions were bath-sonicated for 30 min prior 
to spun on SiO2/Si substrates at 4000 rpm for 30 s. The 
40-nm Au source and drain electrodes were deposited by 
thermal evaporation using a shadow mask.

 We designed (PEA)2SnI4/semi-CNTs hybrid transistors 
(Fig. 1a). As schematically shown in Fig. 1b and 1c, the
carrier scattering and trapping related to grain boundaries, 
which are known for the enrichment regions of charge 
traps, can be subdued in (PEA)2SnI4/semi-CNTs hybrid
systems, where semi-CNTs can act as the high-way-like 
carrier transport path. Correspondingly, compared with 
pure (PEA)2SnI4 transistors (Fig. 1d), the 
(PEA)2SnI4/semi-CNTs hybrid ones with 5% of semi-CNTs 
exhibited improved mobility to 0.82 ± 0.17 cm2/Vs, as well 
as reduced dual-sweep hysteresis from 14.5 V to 9.6 V 
(Fig. 1e). For the (PEA)2SnI4/semi-CNTs hybrid transistors 
with 10% of semi-CNTs, device mobility increased by 

around threefold to 1.51 ± 0.15 cm2/Vs with impressively
decreased VH of 1.1 V (Fig. 1f). When the ratio of the 
semi-CNTs increases up to 20%, the performance of 
composite TFTs was rather reduced by mobility of 1.05 
± 0.20 cm2 VH of 6.4 V (Fig. 1g). This is probably
due to the increased disordering effect by adding an
excess of semi-CNTs over the optimal amount.  

In addition to promising electrical properties,
(PEA)2SnI4/semi-CNTs film also showed intensive 
photoresponse for a broad spectrum range from visible 
to near infrared region (Fig. 2a and 2b). To explore the 
optoelectrical synergistic effect of perovskite and semi-
CNTs, we investigated the performance of pure 
(PEA)2SnI4 and (PEA)2SnI4/10% semi-CNTs hybrid
devices working as three-terminal phototransistors,

which possess superior 
sensitivity to two-terminal 
photodetectors, such as the 
abilities to reduce noise and 
amplify electrical signals, and 
are welcomely target for image
sensing, optical communication, 
environmental monitoring and 
chemical/biological detection.13, 

14 Fig. 2c and 2d show the 
transfer characteristics of 
(PEA)2SnI4 phototransistors 
without and with 10% semi-
CNTs TFTs in dark and under 
light irradiation (532 nm, 
3 W/cm2). Under illumination, 
both devices presented higher
drain current than each in dark, 

and (PEA)2SnI4/10% semi-CNTs phototransistors 
exhibited even higher photocurrent than that of pure 
(PEA)2SnI4 ones. 

The light responsive properties of the optoelectronic 
devices are generally quantified by determining the 
photoresponsivity (R) and the photoswitching ratio, i.e., 
photosensitivity (P) (photocurrent/dark-current), which 
has been accomplished by measuring the I-V
characteristics of the transistors under white or 
monochromatic light illumination. The R and P values are 
defined as = ( )

= ( )
where Ilight and Idark are the drain current under light 

irradiation and in dark state, E is the incident illumination 
power density, and W and L are the channel width and 
length.15 The R and P values are plotted as a function of 
VGS for phototransistors. As shown in Fig. 2e and 2f, the 
R and P values of pristine (PEA)2SnI4 phototransistors 
were found to be 8.3×103 A/W and 7.2×104, while the 

1593       IDW ’19



 

 
 

values of (PEA)2SnI4/10% semi-CNTs hybrid devices 
reached 6.3×104 A/W and 4.7×105, respectively. Such 
performance is among the best solution-processed 
perovskite-based phototransistors ever reported. The 
conventional single-crystal Si phototransistor exhibited the 
R value of 300 A/W, which is regarded as the assessment
reference of a photodetector.16, 17 Besides R and P, the 
wavelength-dependent gain was calculated to be as high 
as 1.5×105 by the formula Gain = R × Ehv, where R is 
photoresponsivity corresponding to incident light 
wavelength, and Ehv is the energy of the incident photon 
(in eV).18 Additionally, both the pure and hybrid
phototransistors exhibited clear dynamic response under 
modulated irradiation (Fig. 2g and 2h), illustrating that light 
acts as additional gate to modulate the drain current of 
transistors.

R P
VGS

VGS

We have reported the first processing of 2D layered 
perovskite materials (PEA)2SnI4 and conjugated polymers 
wrapped semi-CNTs hybrid transistors. Compared to the 
pure (PEA)2SnI4 counterparts, the hybrid films with semi-
CNTs as smooth carrier transport tracks showed greatly 
reduced dual-sweep hysteresis, improved field-effect 
mobility, and higher operation stability in TFTs by grain 
boundary engineering. Moreover, we have demonstrated 

the photodetecting properties of (PEA)2SnI4/semi-CNTs
hybrid phototransistors with extraordinarily high 
photoresponsivity, photosensitivity, and gain. This 
universal strategy demonstration of low-dimensionality 
Sn(II) perovskites and semi-CNTs hybrid systems offers 
promising prospects for the development of high-
performance lead-free perovskite/nanomaterials-based 
optoelectronics. 
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