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ABSTRACT: Controlling grain growth is of great importance in 
maximizing the charge carrier transport for polycrystalline thin 
film electronic devices. The thin film growth of halide perovskite 
materials has been manipulated via a number of approaches in-
cluding solvent engineering, composition engineering, and post-
treatment processes. However, none of these methods lead to 
large-scale atomically-flat thin films with extremely large grain 
size and high charge carrier mobility. Here, we demonstrate a 
novel p-conjugated ligand design approach for controlling the thin 
film nucleation and growth kinetics in two-dimensional (2D) hal-
ide perovskites. By extending the p-conjugation and increasing 
the planarity of the semiconducting ligand, nucleation density can 
be decreased by more than 5 orders of magnitude. As a result, 
wafer-scale 2D perovskite thin films with highly ordered crystal-
line structures and extremely large grain size are readily obtained. 
We demonstrate high-performance field-effect transistors with 
hole mobility approaching 10 cm2V-1s-1 with ON/OFF current 
ratios of ~106 and excellent stability and reproducibility. Our 
modeling analysis further confirms the origin of enhanced charge 
transport and field- and temperature-dependence of the observed 
mobility, which allows for clear deciphering of the structure-
property relationships in these nascent 2D semiconductor systems. 

Introduction 
The microstructure and morphology of polycrystalline thin 

films play crucial roles with respect to the ultimate performance 
of electronic devices made from these materials that constitute the 
active layers of these devices. Moreover, organic-inorganic hybrid 
halide perovskite materials have drawn myriad interest in various 
optoelectronic applications, including solar cells, light-emitting 
diodes, and photodetectors, due to their excellent optoelectronic 
properties and their potential to be fabricated using low-cost man-
ufacturing methods.1-15 Research of their use in field-effect tran-
sistors (FET) has received less attention, struggled in particularly 
to obtain room temperature mobility due to ion migration. 2D 
halide perovskites have displayed natural advantages in suppress-
ing ion movement and improving ambient stability of their devic-

es.16-19 Controlling the nucleation and grain growth to obtain high 
quality thin films with large grain size is also crucial in maximiz-
ing the charge transport in perovskite materials.20-22 That is, min-
imizing the number of grain boundaries is key, as the grain 
boundaries usually serve as trap sites, which reduces the charge 
carrier mobility and lifetime. Specifically in perovskite-based thin 
film field-effect transistors (FET), the performances are highly 
limited by the presence of grain boundaries in the charge transport 
channels. These grain boundaries are mainly responsible for the 
scattering of charge carriers as they create potential barriers. In 
addition, ion migration, one of the key reasons for the intrinsic 
instability of halide perovskites,23-25 is much faster at the grain 
boundaries than within the grains.26 Because small crystal grains 
will produce a large number of grain boundaries, which form 
more barriers and defects for lateral charge transport, enlarging 
the perovskite grain size is a useful approach to reduce grain 
boundaries and the defect density; thus this should enhance charge 
transport in the active channel of the device. To date, various 
methods, such as solvent and composition engineering, solution 
based hot-casting techniques, substrate surface modification, and 
post-treatment, have been investigated to increase the grain 
size.27-34 Nevertheless, none of these methods lead to the for-
mation of large-scale atomically-flat high quality 2D perovskite 
thin films with excellent lateral charge transport properties.  

New perovskite ligand chemistries open a clear pathway to alter 
this paradigm. In fact, we recently introduced a series of bulky 
conjugated organic cations into 2D halide perovskites.35-37 We 
demonstrated that a quaterthiophene-based ligand (4Tm) tremen-
dously increased the environmental stability of Sn-based 2D hal-
ide perovskites while also showing an obvious mobility improve-
ment.36 Moreover, bulky conjugated organic ligands are more 
effective stabilizers and inhibitors of ion migration relative to 
short aliphatic chains.38 Thus, this simple ligand modulation strat-
egy leads to improved 2D perovskite grain size and the simulta-
neous enhancement of device performance. Inspired by the dis-
covery from organic electronics, the intermolecular interactions of 
conjugated moieties could provide a driving force for regulating 
the in-plane crystallization process of 2D halide perovskites. 
Compared to a single thiophene ring building block, introducing 



 

fused thiophene rings enables a higher degree of backbone planar-
ity, and this could lead to unique structural features and increased 
intermolecular interactions.39-42  

 

 

Figure 1. 2D RP phase halide perovskites featured with conjugated ligands. Chemical structures of the (a) 4Tm, (b) TT, and (c) DTT or-
ganic cations. Side view of the of the (d) (4Tm)2SnI4, (e) (TT)2SnI4 and (f) (DTT)2SnI4 crystal structures. GIWAXS patterns for thin film 
samples of (g) (4Tm)2SnI4, (h) (TT)2SnI4 and (i) (DTT)2SnI4 on SiO2/Si substrates. Transfer characteristics of bottom-gate top-contact FET 
devices based on (j) (4Tm)2SnI4, (k) (TT)2SnI4 and (l) (DTT)2SnI4. 

Here, we synthesized two new lead-free 2D perovskites, name-
ly (TT)2SnI4 and (DTT)2SnI4, whose conjugated ligands contain-
ing fused-thiophene rings thienothiophene and dithienothiophene. 
We further demonstrated the crystallization kinetics of these 2D 
perovskites can be well engineered by modulating intermolecular 
interactions of organic ligands. The stronger intermolecular inter-
actions from fused thiophene rings modulate the perovskite crys-
tal nuclei formation. Moreover, the nucleation density during the 
thin film crystallization process was reduced by more than 5 or-
ders of magnitude using the thienothiophene-containing ligand. 
Therefore, 2D Sn-based perovskite thin films with highly ordered 
crystalline structures and extremely large grain size were readily 

obtained without any complicated processing procedures. In this 
way, organic-inorganic hybrid perovskite FETs based on 
(TT)2SnI4 exhibited the highest field effect mobility of up to 9.35 
cm2V-1s-1 with an ON/OFF current ratio higher than 105. 
Results and Discussion 

The molecular structures of the three ligands are shown in Fig-
ure 1a-1c where TT and DTT were synthesized by replacing one 
thiophene unit in 4Tm with fused thiophene rings. These fused 
thiophene structures can interact through a variety of intermolecu-
lar means including weak hydrogen bonding, π-π stacking, C-H 
interactions, and S-S interactions.39 Moreover, the fused thio-
phene rings are a highly planar system, allowing a stronger π-π 
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interaction. The highly coplanar conformation can also induce the 
formation of highly ordered crystalline structure,40 promoting 
self-assembly and lateral growth of the 2D crystalline film. 

The crystal structures of (4Tm)2SnI4, (TT)2SnI4 and (DTT)2SnI4 
were resolved using single-crystal X-ray diffraction, and the re-
sultant edge-on views of the real-space structures are shown in 
Figure 1d-1f (Single crystal growth details can be found in Sup-
porting Information Methods section and Table S1-S6). The crys-
tal structure consists of a layer of corner-sharing SnI6

4- octahedra 
and two layers of organic cations forming the sandwiched struc-
tures. (4Tm)2SnI4 and (TT)2SnI4 exhibit similar crystal structures 
with pseudo-translation along the b-axis direction. (4Tm)2SnI4 
and (TT)2SnI4 both display a herringbone arrangement viewing 
along the a-axis and c-axis direction, respectively (Figure S1 and 
S2). Different from the (4Tm)2SnI4 and (TT)2SnI4 systems, the 
(DTT)2SnI4 crystal was found to be non-merohedrally twinned, 
and the DTT ligands in the single crystals exhibit two different 
configurations (Figure S3). The hydrogen bonds are similar in all 
three crystals. The ammonium head deviates from the center of 
the cages in all three crystals and forms hydrogen bonds with 
iodide atoms (N−H···I), with an average hydrogen bond distance 
of 2.880 Å for (4Tm)2SnI4, 2.566 Å for (TT)2SnI4 and 2.797 Å for 
(DTT)2SnI4 (Table S7). Those interactions distort the SnI6

4- octa-
hedra from an ideal configuration. To quantify the degree of octa-
hedral distortion, we calculated the bond length distortion index 
(D) from the following equation:43 

D =
1
6%

|di-d0|
d0

'

()*

 

where di represents the individual Sn−I bond lengths, d0 is the 
mean Sn−I bond distance. (4Tm)2SnI4, (TT)2SnI4 and (DTT)2SnI4 
show a distortion index of 0.0315, 0.0320, and 0.0288, respective-
ly. For an ideal octahedron, D is exactly 0, the larger value of D 
indicates the larger octahedral distortion.44 The average Sn−I−Sn 
angles from inorganic layers are 153.4o for (4Tm)2SnI4, 152.7o for 
(TT)2SnI4 and 153.3o for (DTT)2SnI4. Compared with (4Tm)2SnI4 
and (DTT)2SnI4, (TT)2SnI4 shows slightly larger D and smaller 
Sn−I−Sn angles, indicating a more contracted in-plane lattice 
structure with enhanced stability.36 Notably, when growing single 
crystals, (TT)2SnI4 tend to incorporate a variety of solvent mole-
cules between the layers, which has never been observed in other 
2D perovskites (Figure S4). This characteristic with interference 
in vertical direction could be more favorable to the crystal growth 
in lateral direction. 

Thin films of (4Tm)2SnI4, (TT)2SnI4, and (DTT)2SnI4 on glass 
substrates showed two distinct absorption bands (Figure S5). The 
band below 500 nm is attributed to the localized π-π* transition of 
the organic ligands (Figure S6), and the band at longer wave-
lengths is a feature common to many electronically-confined sys-
tems.45, 46 Moreover, the ultraviolet-visible (UV-Vis) absorption 
spectra show sharp absorption edges, optical band gap (Eg) values 
of 1.93 eV for (4Tm)2SnI4, 1.94 eV for (TT)2SnI4, and 1.96 eV for 
(DTT)2SnI4 were estimated. Absorption spectra indicate the mate-
rials are direct bandgap semiconductors, which agrees with the 
DFT-calculated band structures. Notably, these optical bandgaps 
are almost identical while the organic ligands between the sam-
ples are quite different (Figure S7 and Table S8), which confirms 
that the SnI6 octahedra are mainly dictating the optoelectronic 
properties of these tin perovskites. All the materials exhibit strong 
photoluminescence at room temperature (Figure S8).  

We examined and confirmed the crystal structure of these 2D 
perovskite thin films by grazing-incidence wide-angle X-ray scat-
tering (GIWAXS, Figure 1g-1i) and powder X-ray diffraction 
(Figure S9 and S10). A series of high intensity (00l)/(l00) diffrac-
tions along the Qz direction are observed for all these samples; 

The reflections correspond to an interlayer distance separating the 
inorganic sheets, and were 32.10 Å for (4Tm)2SnI4, 35.88 Å for 
(TT)2SnI4 and 36.78 Å for (DTT)2SnI4 using Bragg’s Law, which 
is qualitatively consistent with their single crystal data. For 
(DTT)2SnI4 thin film, additional reflections occur, indicating the 
formation of a secondary phase during the crystallization event 
that occurs during thermal annealing. 

To investigate the charge transport properties of these materi-
als, FETs with a simple bottom-gate/top-contact (BG/TC) device 
architecture (Figure S11) were fabricated where silicon dioxide 
served as the gate dielectric and gold as source and drain contacts. 
Figure 1j-1l presents representative p-type transfer characteristics, 
depicted as |IDS| versus VG and |IDS|0.5 versus VG at a constant VDS 
(-60 V), of the devices based on (4Tm)2SnI4, (TT)2SnI4, and 
(DTT)2SnI4. FETs based on (4Tm)2SnI4, (TT)2SnI4 and 
(DTT)2SnI4 displayed a hole mobility (µh) of 1.31, 2.23 and 0.01 
cm2V-1s-1, respectively. We further carried out atomic force mi-
croscopy (AFM) experiments to evaluate the film morphology 
(Figure S12). (4Tm)2SnI4 displayed crystal grains with an average 
grain size around 2 µm based on image analysis of the AFM mi-
crographs. However, many pinholes and cracks were found be-
tween the grains, which would impede charge carrier transport. In 
contrast, (TT)2SnI4 and (DTT)2SnI4 thin films showed similar 
surface structures that were free of cracks with larger, continuous 
crystal grains. The larger grain size reduces the number of grain 
boundaries, which is beneficial for carrier transport.36 Neverthe-
less, (DTT)2SnI4 exhibited a much lower mobility, and this could 
be related to its relative complex crystal structure and poor phase 
impurity as noticed in the GIWAXS profile (Figure 1i). Those 
observed mixed phases in (DTT)2SnI4 thin film could be detri-
mental to the charge transport. Full band structures of (TT)2SnI4 
and (DTT)2SnI4 were also obtained by DFT calculations based on 
their optimized crystal structure (Figure S13), and the near type-II 
band alignment in (DTT)2SnI4 also implied unfavorable hole 
transport in inorganic layer. 

The ordered and pure perovskite crystalline phase and favora-
ble morphology of (TT)2SnI4 thin film together explain why it 
outperformed the other two materials in terms of its carrier mobil-
ity. To further boost the performance of the FETs based on 
(TT)2SnI4, we varied the annealing temperatures from 150 °C to 
180 °C during the film fabrication process (Figure S14). The best 
performance was achieved when the films were annealed at 155 
°C. Interestingly, an intermediate state morphology of thin films 
annealed at lower temperatures were observed, which indicated a 
slowed crystallization process upon thermal annealing. The evolu-
tion of (TT)2SnI4 thin film crystallization was then evaluated by 
capturing the morphology at different stages during the thermal 
annealing-induced crystallization process. The optical microscopy 
and photoluminescence (PL) images are shown in Figure 2a and 
2b. A few crystalline perovskite seeds were formed during the 
first stage, then these seeds grew larger when the annealing time 
increased from 4 min to 10 min, and they coalesced eventually to 
form a uniform thin film. The scanning electron microscopy 
(SEM) and AFM images further verified the morphology results 
of optical microscopy and PL images (Figure 2c-2g and Figure 
S15). For the intermediate state, there are highly crystalline seeds 
randomly formed from relatively amorphous areas. As shown in 
Figure 2h, surprisingly, the AFM analysis showed that surface 
roughness of the seed region was significantly reduced from 9.03 
nm to 1.93 nm. When compared to the surrounding amorphous 
regions, the highly crystalline seed area also has stark contrast 
with respect to its PL properties (Figure 2i and 2j). The self-
regulated growth, reduced surface roughness, and improved crys-
tallinity are critical for high-performance electronic devices. On 
the other hand, similar phenomena were not observed for 
(4Tm)2SnI4 and (DTT)2SnI4 thin films. Their nearly continuously 



 

red PL images (Figure 2k and 2l) under the same condition indi-
cate that a large number of nucleation seeds have already formed 
at the initial stage. Clearly, the (TT)2SnI4 thin film displayed the 

 

Figure 2. Morphological evolution in crystallization process of (TT)2SnI4 thin film and corresponding nucleation kinetics comparison. The 
optical microscopy (a) and photoluminescence images (b) of (TT)2SnI4 thin films after thermal annealing at 155 oC for different times; the 
scale bar represents 20 µm. SEM images of (TT)2SnI4 thin film by thermal annealing at 155 oC for 4 min (c), 6 min (e) and 10 min (g; 
Scale bar, 20 µm. (d) and (f) Enlarged image from the blue-boxed region in (c) and (e), respectively; Scale bar, 1 µm. (h) AFM image and 
corresponding section analysis of (TT)2SnI4 crystalline seed formed in thin films annealed at 155 oC for 4 min. (i) PL spectra and (j) time 
resolved PL collected from spots on and off the crystalline seed during the thermal annealing process of (TT)2SnI4 thin film. PL images of 
(k) (4Tm)2SnI4 and (l) (DTT)2SnI4 thin films after thermal annealing at 155 oC for 1 min. Scale bar, 20 µm. (m) The statistical distribution 
of nucleation density for (4Tm)2SnI4, (TT)2SnI4 and (DTT)2SnI4 thin films during the first stage of thermal annealing process. 

400 500 600 700 800 900

 Amorphous
 Seed

 

 Wavelength (nm)

PL
 In
te
ns
ity
 (a
.u
.)

 

 

x1000

0 2 4
1E-4

0.001

0.01

0.1

1

N
or
m
. P
L

Time (ns)

 Amorphous
 Seed

4 mina

b

c e g

i

6 min 8 min 10 min 15 min

d f

10 µm

50 nm
-50 nm

Seed
Rq: 1.93 nm

Amorphous
Rq: 9.03 nm

h j

100

103

106

109

 (DTT)2SnI4(TT)2SnI4(4Tm)2SnI4

 

 

N
ul
ce
at
io
n 
D
en
si
ty
 (/
m
m
2 )

lk m



 

 

Figure 3. Optimized (TT)2SnI4 FET performance and temperature dependence studies on large and small grain size (TT)2SnI4 thin film 
devices. (a) Transfer and (b) output characteristics of bottom-gate top-contact FET champion device based on (TT)2SnI4 thin film with 
optimized morphology. (c) Illustrations of carrier transport in small grain and large grain based (TT)2SnI4 thin film. (d) Arrhenius plots as 
temperature dependences of hole mobilities for two typical FET devices based on (TT)2SnI4 thin films featured with large and small grain 
size in the temperature range between 50 and 370 K. (e) Temperature dependences of current on/off ratio for these two typical FET devic-
es. (f) Temperature dependences of the threshold voltages for these two typical FET devices. 

lowest nucleation density among the three samples. We further 
estimated the nucleation densities based on SEM images (Figure 
S16). The value for (TT)2SnI4 thin film is determined to be tens of 
seeds per mm2, which is several orders of magnitude lower than 
the other two materials (Figure 2m). The sparse seeds in 
(TT)2SnI4 thin film is conducive to extremely large grain for-
mation at later times.22 Intriguingly, the usually fast crystallization 
kinetics of the 2D perovskite thin films has been successfully 
suppressed by the increased intermolecular interactions of the TT 
ligands, while the crystal growth step is maintained in-plane, re-
sulting in a high quality, near atomically flat film with extremely 
large grains. This unique feature may result from the weak inter-
actions between the layers, which allows different type of solvent 
molecules to be trapped between the layers, as shown in the single 
crystal XRD structures (Figure S4). Notably, thin film thickness 
around 50 nm is preferred, thinner films would have difficulties in 
realizing this optimized morphology (Figure S17). With this fine-
ly controlled thin film morphology, we were able to obtain highly 
performing FET devices with a maximum µh of 9.35 cm2V-1s-1 

(Figure 3a-3b, Table 1), and an ON/OFF current ratio higher than 
five orders of magnitude. The negligible hysteresis further indi-
cates that the larger grain and the bulky conjugated cation may be 
beneficial to inhibit ion migration and reduce trap states in the 
perovskite film. The operational stability is also assessed, and the 
reliable operation is reflected in the negligible changes of the 
transfer curves for 1000-time scans (Figure S18). 

The charge transport mechanisms in thin films with large and 
small grain size were quantified using temperature-dependent 
transport measurements. Except for the morphological differences 
of these two (TT)2SnI4 thin films (Figure S19), crystalline grains 
from both samples showed similar decay dynamics of the charge 
carriers (Figure S20). We have conducted FET measurements in a 
temperature range from 50 K to 370 K (Figure S21-S23). The 
hole mobility of the small grain device reached a maximum at 200 

K, while the large grain device exhibited the highest mobility at 
320 K. For both devices, in the high temperature region, the de-
crease of the carrier mobility with increasing temperature can be 
explained by the intrinsic transport behavior dominated by lattice 
scattering. On the other hand, in the low temperature region, the 
increase of the mobility with increasing temperature can be at-
tributed to a thermally activated transport mechanism. Consider-
ing grain boundary density in these two cases, we hypothesize that 
the behavior of small grain device could be dictated by the larger 
number of grain boundary potential barriers, as shown in Figure 
3c. We plotted the field-effect mobility data in an Arrhenius fash-
ion (Figure 3d). Both devices exhibit thermally-activated behavior 
that is Arrhenian below their peak mobility temperatures. The 
activation energies (Ea) are 10.4 meV for the large grain device 
and 8.0 meV for the small grain device, as determined by fitting 
to the Arrhenius equation. Besides the field-effect mobility, good 
ON/OFF current ratios are maintained across the temperature 
range (Figure 3e). Figure 3f shows the temperature dependence of 
the threshold voltage (Vth). For the large grain device, when the 
temperature decreases, Vth shifts and then levels at lower tempera-
tures. On the contrary, the Vth of the small grain device continues 
to shift all through the temperature range, albeit at a slower rate. 
These results further confirm the higher defect density in the 
small grain device.  

To interpret the essential and nontrivial features of bias and 
temperature dependencies of the FET characteristics summarized 
in Figure 3, we simulated spatially-resolved electron and hole 
transport using a self-consistent solution of Poisson and continuity 
equations. The simulated 𝐼,- − 𝑉0-  and 𝐼,- − 𝑉,-  curves are 
shown in Figure 4a-c. Details of the simulation setup, the geomet-
rical dimensions, and the electrical parameters adopted in the 
simulation are reported in the Supporting Information. The band 
diagrams at different bias conditions, which highlight the unique 
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and non-intuitive transport properties of the transistors, are also 
reported in the Supporting Information. The simulated 𝐼,- − 𝑉0- 
Table 1. Bottom Gate-Top Contact FET Device Performance. 

Perovskites µh,max (cm2V-1s-1) µh,avg (cm2V-1s-1)a Vth (V) SS (V/dec) Ion/Ioff 

(4Tm)2SnI4 1.31 1.15±0.11 -20 to -30 ~8.7 105-106 

(TT)2SnI4 2.23 1.67±0.35 -15 to -25 ~7.6 105-106 

(DTT)2SnI4 0.01 0.007±0.002 -15 to -25 ~15 103-104 

(TT)2SnI4 with optimized large grain 
morphology 9.35 6.52±1.67 -10 to -20 ~5.4 105-106 

aThe average values were calculated based on 20 devices. 

 

 

Figure 4. Transport simulations for (TT)2SnI4 FET devices. (a-b) Simulation results of 𝐼,- − 𝑉0- curves at different temperatures. The 
arrows show a turnaround of maximum drain current at higher temperature. (c) 𝐼,- − 𝑉,- curves at different gate voltage. (d) Low-field 
mobility used in the simulation, at higher temperature the scattering mechanism is dominant and at lower temperature the activation energy 
due to inter-grain hopping mechanism dominates the mobility of the holes. 

curves reproduce the experimental results at different tempera-
tures with a high-accuracy (see Figure 4a-b), thereby conforming 
the essential role of field- and temperature-dependent Poole-
Frenkel mobility model and Gaussian-distributed acceptor-like 
traps at the semiconductor/oxide interface. As detailed in the Sup-
porting Information, the field- and temperature-dependent mobili-
ty is governed by two physical phenomena. The reduction of bulk 
mobility associated with intra-grain lattice scattering dominates at 
the higher temperature regime, while field-assisted and thermally 
activated mechanisms increase the mobility due to hopping over 
the inter-grain energy barriers (Figure 4d) defines the transport at 
the lower temperature range. The relative magnitude of the two 
components defines the critical temperature at which the mobility 
reaches a maximum (Figure 4d). The more frequent scattering 

associated with the smaller grain material reduces the mobility 
and reduces the critical temperature, as expected. Finally, the 
field-dependence of the mobility is equally important. At low-
fields close to the source of the transistor, the current is sup-
pressed by the field-dependent transport of the Poole-Frenkel 
transport over the grain boundary. At higher field closer to the 
drain contact, the higher electric field enhances the mobility, but 
the current is ultimately defined by the mobility-limited injection 
close to the source end. 

To explain the large and temperature-dependent 𝑉12 shown in 
Figure 3f, one must quantify the role of traps at the ox-
ide/semiconductor interface. A detailed analysis shows that only 
acceptor-like traps at a density of 8 × 10*6	𝑐𝑚:6 and distributed 
broadly across the bandgap can self-consistently explain the large 
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and temperature-dependent threshold voltage shift observed in the 
experiment (see simulation Figure 4b). In particular, the tempera-
ture-dependent shift of the Fermi-level within the bandgap across 
the interface traps explains the temperature-dependent threshold-
voltage shift observed in the experiment. Indeed, the sensitivity 

 
Figure 5. Wafer scale demonstration of (TT)2SnI4 FET devices. (a) Photograph of (TT)2SnI4 thin film on a 4-inch Si/SiO2 wafer substrate. 
Statistical distribution of (b) hole mobility and (c) on/off current ratio from 110 FET devices across the wafer-scale substrate. Inset, optical 
image of one typical FET device using interdigitated source/drain electrodes. 

reflects the fact that the Fermi level is close to the valence band 
(see Figure S27-S28) and only a fraction of the traps will be oc-
cupied at any given temperature. These analyses suggest further 
improvement of the device performance can be achieved by pas-
sivating the oxide/semiconductor interfacial traps. 

A major advantage for 2D halide perovskites relative to other 
conventional 2D materials is their low-temperature, large-scale 
solution processability. Here, we demonstrate the wafer-scale 
fabrication of high-performance FETs by solution-processing. A 
uniform (TT)2SnI4 thin film on a 4-inch-sized SiO2 (300 nm)/Si 
wafer substrate was easily prepared by spin-coating (Figure 5a). 
Based on this high-quality wafer-scale thin film, we fabricated 
over one hundred FETs with excellent performance and uniformi-
ty. Among the one hundred devices we measured, none of them 
failed in exhibiting field-modulated charge transport. The statisti-
cal distributions of the hole mobility and ON/OFF current ratio 
are summarized in Figure 5b-5c with an average mobility of 5.35 
± 0.79 cm2V-1s-1 for the tested devices.  
Conclusion 

In summary, we demonstrated the nucleation density during the 
perovskite thin film crystallization process is found to be reduced 
significantly by extending the π-conjugation and increasing the 
planarity of the semiconducting ligand via introducing fused thio-
phene moieties. As a result, 2D Sn-based perovskite thin films 
with near atomically flat morphology and extremely large grain 
size were readily obtained from a simple one-step spin-coating 
method, enabled FET device with hole mobility approaching 10 
cm2V-1s-1 and an ON/OFF current ratio around 106. These results 
suggest the potential of solution-processed 2D perovskite transis-
tors for a wide range of practical applications including integrated 
sensors, logic circuits, and flexible displays. Moreover, this work 
sheds light on the importance of modulating the rigidity and in-
termolecular interactions of the organic cations in controlling the 
2D perovskite crystallization and thin film growth, and thus 
boosting corresponding carrier transport performance. 
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