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A Selenophene-Containing Conjugated Organic Ligand for Two-
Dimensional Halide Perovskite 
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A selenophene-containing conjugated organic ligand 2-(4'-methyl-
5'-(5-(3-methylthiophen-2-yl)selenophen-2-yl)-[2,2'-bithiophen]-5-
yl)ethan-1-aminium (STm) is synthesized and incorporated into 
Sn(II)-based two-dimensional perovskites, (STm)2SnI4. By 
introducing the STm ligand, the band offset between perovskite 
and ligand can be fine-tuned. Both field-effect transistor and light-
emitting diode devices based on (STm)2SnI4 films exhibit high 
performance and enhanced operational stability. 

Organic-inorganic hybrid perovskites have gained considerable 
attention in semiconducting material design and optoelectronic 
device applications.1-6 Commonly-used three-dimensional (3D) 
perovskites suffer from poor stability, which restricts their practical 
applications.7, 8 Instead, two-dimensional (2D) halide perovskites 
were proved to have significantly improved ambient stability and 
reduced ion migration due to the use of bulky and hydrophobic 
organic ligands.9-14 Insulating aliphatic organic ligands were initially 
introduced to 2D perovskites, but their wide band gaps and poor 
charge transport properties hindered the utilization of those 2D 
perovskites into optoelectronic devices.15 Previous studies have 
introduced semi-conducting π-conjugated cations based on triple 
bonds, thiophenes, and phenyl rings into 2D perovskites to enhance 
the charge transport properties.16-19 Recently, our group designed 
and synthesized a series of oligothiophene-based monoammonium 
ligands and successfully incorporated them into 2D perovskites.20 
The energy and charge transfer between organic and inorganic layers 
can be tuned via molecular design. Among those ligands, a 
quaterthiophene derivative cation, 2-(3ʺʹ,4ʹ-dimethyl-
[2,2ʹ:5ʹ,2ʹ:5ʺ,2ʺʹ-quaterthiophen]-5-yl)ethan-1-ammonium (namely 
4Tm ligand) showed a great promise and was incorporated into 
Sn(II)-based 2D halide perovskite, (4Tm)2SnI4, which exhibited 
improved charge transport and ambient stability compared with 
widely-used (C6H5C2H4NH3)2SnI4 ( or simply (PEA)2SnI4) perovskite.21 

For example, field-effect transistor (FET) devices based on (4Tm)2SnI4 
exhibited a hole mobility of 2.32 cm2V-1s-1 and light-emitting diode 
(LED) based on this material exhibited an external quantum 
efficiency (EQE) of 1.58%.22  

The design and synthesis of 4Tm ligand demonstrated an 
example of incorporating heterocycles containing building blocks 
into perovskites. However, a relatively large energy barrier height of 
4Tm ligand to [SnI4]2- for charge injection may be an important factor 
limiting the FET and LED device performances.21, 22 Therefore, fine-
tuning the band gaps of organic ligands in 2D perovskites could be a 
promising strategy for perovskite materials design. In the organic 
electronics research field, selenophenes have been used to replace 
the thiophene unit to tune the highest occupied molecular orbital 
(HOMO), lowest unoccupied molecular orbital (LUMO) energy levels, 
and the band gaps of organic semiconductor materials.23-25 
Specifically, selenophene-based low-bandgap conjugated polymers 
have been applied to organic FETs and solar cells, which exhibited 
improved performances compared with the thiophene-based 
counterparts due to optimized band alignment.26-28 Compared with 
sulphur, selenium has a bigger and looser outmost electron cloud, 
which can help improve orbital overlap and the charge carrier 
mobility.29 Therefore, replacing thiophene with selenophene unit in 
the ligand design can be a promising ways to further reduce the 
barrier height of charge transport, which is beneficial for 
optoelectronic device applications.  

Herein, inspired by the prior work from organic electronic 
community, a novel selenophene-containing conjugated organic 
ligand 2-(4'-methyl-5'-(5-(3-methylthiophen-2-yl)selenophen-2-yl)-
[2,2'-bithiophen]-5-yl)ethan-1-aminium (STm) is designed and 
synthesized for 2D halide perovskites. Specifically, the third 
thiophene ring of the 4Tm backbone was swapped by a selenophene 
ring via a few simple steps (Fig. 1a). The STm ligand was then 
incorporated into Sn (II)-based 2D perovskite. The introduction of 
selenophene helps reduce the band gap of the ligand by increasing 
the HOMO energy level and leads to improved charge transport 
properties. On this basis, both FET and LED devices were fabricated 
based on (STm)2SnI4 thin films. Notably, the LED device achieved an 
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EQE of 2.28%, which has a 44% enhancement compared with 
(4Tm)2SnI4 LED devices.  

Fig. 1a shows the chemical structure of the STm ligand. Starting 
from selenophene, a thiophene-selenophene-thiophene trimer was 
obtained via a Stille coupling reaction; then the trimer was coupled 
with another thiophene ring with a Boc-protected amine; finally, the 
iodide salt of STm-HI was obtained by removing the Boc group using 
HI (see methods in the ESI). Similar to the 4Tm ligand, two methyl 
groups were incorporated on the second and fourth thiophene units 
to reduce the intermolecular π- π interactions and self-aggregation. 
According to UV-vis absorption and cyclic voltammetry (Fig. 1b and 
1c), STm ligand shows an increased HOMO energy level of -5.05 eV 
and a smaller optical bandgap of 2.40 eV than those of 4Tm ligand 
(HOMO energy level of -5.12 eV and optical bandgap of 2.49 eV).  

To understand the ligand-perovskite interactions, the new 
conjugated STm ligand was incorporated into the 2D perovskite thin 
films. A spin-coating method was used to fabricate the thin films of 
(STm)2SnI4 and benchmark material (4Tm)2SnI4. The X-ray diffraction 
(XRD) pattern of (STm)2SnI4 (Fig. 2a) clearly showed a series of sharp 
and high-intensity diffraction peaks, confirming its layered 2D 
perovskite structure with the inter-layer distance calculated to be 
32.0 Å, which matches the interlayer distance of the reported value 
of (4Tm)2SnI4 perovskite thin film (31.9 Å).21 Note, single crystal 
structure of (STm)2SnI4 has not been resolved due to difficulty in 
obtaining high quality crystals. UV-vis absorption spectra of 
(STm)2SnI4 and (4Tm)2SnI4 exhibit similar optical band gaps and sharp 
excitonic peaks. (Fig. 2b). The optical image of (STm)2SnI4 shows a 
uniform film (Fig S2) with complete surface coverage and the 
corresponding photoluminescence (PL) image shows intensive red 
emission (Fig. S2) with sharp peak centred at 630 nm, which is almost 
identical to that of (4Tm)2SnI4 (Fig. 2c). The PL emission peak in the 
range from 600 nm to 700 nm comes from [SnI4]2- layer, while the 
absence of PL from the organic ligand STm+ (Fig. S1) is due to the 
energy transfer from organic ligands to the inorganic layers.  

Based on the cyclic voltammetry profile, optical absorption, and 
PL emission spectra of the ligands and the corresponding perovskite 
thin films, the schematic of relative band alignment of STm ligand, 
4Tm ligand and [SnI4]2- layer was generated. (Fig. 2d) The schematic 
indicates a clear formation of a type-I hybrid quantum well 
configuration. Type-I configuration can help promote exciton 
confinement in [SnI4]2- octahedron layer for radiative recombination, 
making (STm)2SnI4 suitable for efficient light-emitting applications. 

The band alignment also points out that the HOMO energy level of 
STm ligand (-5.05 eV) is closer to the valence band maximum (-5.0 
eV) of [SnI4]2- octahedron than that of 4Tm ligand (-5.12 eV), which 
could facilitate charge carrier injection between organic ligands and 
inorganic layers.  

It is known that Sn (II)-based 2D perovskites suffer from poor 
intrinsic stability due to oxidation of Sn2+ to Sn4+ and hydrolysis 
reactions with moisture.30 Interestingly, the introduction of STm 
ligand into Sn (II)-based 2D perovskite significantly improved the 
perovskite stability under ambient conditions (~20 ⁰C and ~50% 
relative humidity). (STm)2SnI4 thin film can remain high crystallinity 
(Fig. S3), strong photoluminescence (Fig. S4), and absorption (Fig. S5) 
over long-time exposure in air. (STm)2SnI4 exhibits enhanced stability 
because the π-conjugated STm molecule is bulky and hydrophobic, 
which serves as an internal encapsulation to the inorganic layer to 
prevent the air and moisture penetration. Thus, the Sn2+ oxidation 
and hydrolysis reactions are less likely to occur in (STm)2SnI4. When 
compared with benchmark (4Tm)2SnI4 perovskite (Fig. S6), the 
evolution of full width at half maximum (FWHM) (Fig. S7) and relative 
intensities (Fig. S8) in XRD over time for (STm)2SnI4 exhibits similar 
results, confirming the enhanced stability with the help of STm 
ligand. 

The introduction of STm ligand into Sn (II)-based 2D perovskite 
can fine-tune the electronic properties as well as material stability, 
making (STm)2SnI4 perovskite a good candidate for electronic and 
optoelectronic applications. Here, FETs with a simple bottom-
gate/top-contact (BG-TC) device architecture based on (STm)2SnI4 
thin films were fabricated. Fig. 3 shows the device structure and 
typical transfer and output characteristics of the devices. A p-type 
transport behaviour was observed with a maximum hole mobility 
(µh) of 1.52 cm2 V-1s-1 (with an average value of up to 1.35 cm2 V-1 s-1, 
which was calculated based on more than 10 devices), which is 
comparable to the reference (4Tm)2SnI4 FET devices (Fig. S9). 
According to the cyclic voltammetry and optical absorption 

Fig. 1 (a) Chemical structures of STm and 4Tm organic ligands. (b) 
UV-vis absorption and (c) cyclic voltammetry of STm and 4Tm 
organic ligands. 

 

 

Fig. 2 (a) The X-ray diffraction (XRD) pattern (STm)2SnI4 (top) and 
(4Tm)2SnI4 (bottom) thin films. (b) UV-vis absorption and (c) 
photoluminescence spectra of (STm)2SnI4 and (4Tm)2SnI4 thin 
films. (d) Schematic of relative band alignment of STm, 4Tm 
organic ligands and inorganic [SnI4]2- layers within 2D hybrid 
perovskites. The LUMO levels of STm and 4Tm ligands were 
estimated from HOMO level and optical band gap. 
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measurement, the HOMO level of STm ligand (-5.05 eV) is shallower 
than that of 4Tm ligand (-5.12 eV), which could suggest that the 
incorporation of STm ligand should facilitate better hole injection 
from gold to the perovskite layers (-5.0 eV) to improve the FET device 
performances. However, compared with (4Tm)2SnI4, no obvious 
enhancement was observed with (STm)2SnI4-based FET devices even 
after systematic optimizations on annealing temperatures (Fig. S10).  
Scanning electron microscope (SEM) (Fig. 3d) and atomic force 
microscopy (AFM) (Fig. 3e) images shows that the (STm)2SnI4 thin 
film has much smaller crystal grains and more grain boundaries than 
reported (4Tm)2SnI4-based thin films,21 with an average grain size of 
only 0.2 µm. The smaller grain size in (STm)2SnI4 could inhibit charge 
transport between crystal grains, leading to a lightly lower hole 
mobility compared with (4Tm)2SnI4 FET devices. Nevertheless, the 
FET performance of (STm)2SnI4 is indeed better than the 
conventional 2D perovskite (PEA)2SnI4 under the same fabrication 
and characterization conditions.21 

Additionally, the incorporation of STm ligand into Sn (II)-based 
2D perovskite FETs yielded stable devices under ambient conditions. 
As shown in Fig. 3f, the hole mobility of (STm)2SnI4 FET devices was 
well maintained after stored in the air for over nine days without any 
encapsulations. The conjugated STm ligand significantly protects the 
[SnI4]2- octahedron layer from air and moisture penetration so that 
the charge transport can be efficient, and the field-effect behaviour 
can be well maintained.  

Meanwhile, since the (STm)2SnI4 perovskite forms a type-I hybrid 
quantum well configuration with a strong PL emission cantered at 
630 nm with a solid-state photoluminescence quantum yield (PLQY) 
near 4% (Fig. S11), it can be considered as a promising candidate for 
pure red LED devices. Thus, we incorporated (STm)2SnI4 perovskite 
into a functional LED device. The device structure is shown in Figure 
4a, where TPBI is short for 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl) 
benzene and ITO is indium thin oxide. The thickness of PEDOT:PSS, 
perovskite layer and TPBi were around 40, 25, and 80 nm, 
respectively. The SEM and AFM images of (STm)2SnI4 perovskite on 
PEDOT:PSS/ITO surface (Fig. S12) show similar morphology to the 
film on a silicon substrate (Fig. 3d and 3e), indicating highly 
crystalline thin film with small grain sizes (<0.2 µm). Fig. 4b displays 

the electroluminescence (EL) spectra of (STm)2SnI4 perovskite LED 
under varied driving voltages. Those spectra were centred at 630 nm 
with a narrow full-width at half-maximum (FWHM) of 23.8 nm. The 
corresponding Commission Internationale de l’Eclairage (CIE) 
coordinates (Inset of Fig. 4b) were determined to be (0.69, 0.30), 
suggesting a high-purity red emission. When the driving voltage was 
increased, the central wavelength of the EL spectra remained 
unchanged, indicating the colour stability of the LED device. Based 
on the current density-voltage-luminance (J-V-L) curve (Fig. 4c) and 
EQE characteristic (Fig. 4d) of the champion LED device, a maximum 
luminance of 1681 cd m-2 at 8.2 V and EQE up to 2.28% were 
achieved, showing a 44% enhancement on EQE compared to 
(4Tm)2SnI4 based LED devices.22 The film optimization based on 
different perovskite layer annealing temperatures and 
corresponding device characterizations can be found in Fig. S14. The 
LED device stability was also examined by measuring the luminance 
over time at constant current densities (Fig. S15). The (STm)2SnI4-
based LED exhibits outstanding operational lifetimes as T50 = 233 min 
at 100 mA cm-2 and T50 = 2300 min (~30 h) at 10 mA cm-2, which is 
among the best reported perovskite LEDs.31, 32  

The improved EQE can possibly be ascribed to two aspects. First, 
it is proved that in 2D perovskite the decrease of LUMO energy level 
and increase of HOMO energy level of organic cations can be 
beneficial for charge transport.22, 33 The shallower HOMO level of 
STm ligand make the charge injection from ligand to inorganic 
perovskite layer charge transport more efficient. In addition, the 
morphology studies of (STm)2SnI4 and (4Tm)2SnI4 thin films reveal 
that much smaller grain sizes are observed on (STm)2SnI4 thin films. 
Small perovskite grain sizes could spatially confine electron and holes 
to promote radiative recombination.34, 35 Thus (STm)2SnI4 with 
reduced grain sizes is more favourable for LED applications while 
(4Tm)2SnI4 with large grain sizes is more suitable for FET applications. 

In summary, a novel selenophene-containing conjugated organic 
ligand has been synthesized and incorporated into Sn (II)-based 2D 
perovskite. Highly crystalline thin films with strong PL emissions were 
obtained. Stable and operational FET and LED devices based on 
(STm)2SnI4 thin films were fabricated and (STm)2SnI4-based LED 

Fig 3 (a) Device structure and representative transfer (b) and 
output (c) characteristic of FET devices based on (STm)2SnI4. SEM 
image (d) and AFM height image (e) of (STm)2SnI4 thin films spin-
coated on highly n-doped silicon wafers. The scale bars are 2 µm. 
(f) Evolution of hole mobility of (STm)2SnI4 FET devices over time. 

Fig. 4 (a) LED device structure based on (STm)2SnI4 perovskite. (b) 
EL spectra under forward biases of 4.5, 5.4, 6.3, 7.2, 8.1 and 9.3 
V. Inset is the CIE coordinate of (STm)2SnI4 perovskite. (c) current 
density-voltage-luminance curves and EQE characteristic (d) of 
champion LED device based on (STm)2SnI4 hybrid perovskite.  
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device shows a 44% improvement than the benchmark (4Tm)2SnI4-
based LED devices. According to thin film optoelectronic property 
characterizations and morphology studies, the enhancement of 
(STm)2SnI4 LED performance is attributed to better band alignment 
between the organic ligand and the inorganic perovskite layer as well 
as a more ideal morphology. To the best of our knowledge, this work 
presents the first study of incorporating selenophene into 
conjugated organic ligand for 2D perovskite. This work opens up 
possibilities of introducing heavy atom-based heterocycles into 
conjugated organic ligands for low-dimensional perovskites. 
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