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Two-dimensional (2D) perovskites have emerged as promising
candidates for field-effect transistors (FETs) due to their pro-
nounced stability in the presence of insulating bulky organic spacer
cations. However, the underlying mechanism of the charge carrier
transport in these 2D perovskite semiconductors remains elusive. In
this study, the temperature dependence of the charge carrier
properties of benzimidazolium tin iodide perovskite ((Bn),Snl,) is
studied to evaluate the corresponding transport mechanism on
nanoscopic and macroscopic dimensions. By combination of sol-
vent engineering to optimize the morphology of perovskite thin
films and choice of the organic imidazole-based spacer inducing
hydrogen bonding with the inorganic [Snlg]*~ octahedron layer,
less ionic defects are generated resulting in suppressed ion move-
ment. It was possible to separate the influence of mobile ions
and temperature on the charge carrier transport in transistors.
The decline of the charge carrier mobility with temperature
decrease in the device indicates a hopping mechanism for macro-
scopic transport. On the other hand, the local charge transport
was determined by ultrafast terahertz photoconductivity measure-
ments revealing an increasing mobility to 17 cm? v! s7!
with temperature decrease implying a band mechanism on the
nanoscopic scale. The local charge carrier mobility is associated
with the particularly regular structure of the octahedral [Snlgl*~
sheets induced by symmetric hydrogen bonding with the benzimi-
dazolium cation. Our results provide key insights on the charge
transport properties of perovskite semiconductors, which have
important implications for realizing high-performance electronic
devices.
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New concepts

Two-dimensional (2D) hybrid organic-inorganic metal halide perovskites
with incorporated large A-site organic cations offer enhanced stability
and structural diversity, making them promising for optoelectronics
applications. Nevertheless, the performance of 2D perovskites-based
devices is still limited due to defect related ion migration resulting in
poor charge carrier transport. As a new concept a benzimidazolium cation
was incorporated into tin iodide perovskite to reduce structural defects
and to enhance the performance of field-effect transistors. In combi-
nation with optimized solution processing from mixed solvents, corres-
ponding field-effect transistors show improved hysteresis behavior due
to lowered ion migration. Symmetric hydrogen bonding with the
benzimidazolium cation ensures a regular structure of the octahedral
[SnIg]*~ sheets which is important for the chare carrier transport. For this
reason, an effective band mechanism at the local scale has been
identified through ultrafast terahertz photoconductivity measurements,
which indicate charge carrier mobilities of 17 ecm® V- * s~*. This work
provides a fundamental understanding on the charge transport
properties of 2D perovskites and contributes towards high-performance
optoelectronic devices.

Introduction

Metal halide perovskites as new-generation semiconducting
materials have been widely applied in various optoelectronic
devices due to their low-cost solution processibility and attrac-
tive electronic properties, such as high intrinsic charge
mobility."™ Field-effect transistors (FETs), as an important
electronic element in logic circuits, serve as a valuable platform
to study the charge transport of semiconductors and provide
comprehensive insights into the electrical properties of per-
ovskite materials. Despite recent progress in the development
of perovskite FETs, devices still suffer from limited reliability
and poor operational stability at room temperature.® These
limitations are related to severe ion migration and accumula-
tion at electrode interfaces under applied external voltage.
These effects result in the shielding of the electric fields and
weak gate modulation of the FETs.”> Consequently, the devices
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typically exhibit low field-effect mobility and pronounced dual-
sweep hysteresis, unfavorable for practical applications.®

To address these issues, various approaches such as using
perovskite single crystals,” high-k gate dielectric layer,® doping,’
and others'® have been explored. Among these attempts, dimen-
sionality engineering by employing two-dimensional (2D)
Ruddlesden-Popper layered perovskites with a chemical for-
mula of (RNH;),BX, has been considered an effective way to
suppress ion movement through the incorporation of insulat-
ing bulky cations into the perovskite structure. In the formula,
R, B, and X are long alkyl chains or aromatic spacer cations,
divalent metallic cations, and halide anions, respectively.'""
Previous studies have identified tin and iodide elements at
the B- and X-site for FET applications thanks to their smaller in-
plane effective mass and reduced Fréhlich effect.'®'* In this
regard, the structure engineering of the spacer allowed to
enhance the device performance of the 2D layered perovskites
FETs. Normally, the A-site spacer cations in 2D layered perovs-
kites do not contribute directly to the density of states at the
band edge, which originates mainly from the B- and X-site
components.'®> Nevertheless, the steric strain induced by the
organic ligands imposed on the metal-halide octahedra
reduces ion migration and influences the optoelectronic prop-
erties of the 2D layered perovskites.'"® To date, a single-ring
aromatic cation, e.g. phenethylammonium (PEA), has been
extensively investigated in 2D perovskite FETs, and a few
groups also studied quaterthiophene-based ligands.'””'® We
have recently introduced 2-thiopheneethylammonium and lin-
ear alkyl cations into 2D tin perovskites and demonstrated their
application in FETs."""?

Despite the recent progress on 2D tin perovskite FETs, most
studies mainly focus on optimizing device mobility at room
temperature, with little effort in unveiling the temperature
effects on charge transport behavior which can provide impor-
tant insights on the charge carrier transport mechanism in
perovskite semiconductors. More importantly, ion migration is
known to be thermally activated and can be reduced or even
suppressed upon decreasing the operating temperature.*!
So far, the charge transport in three-dimensional perovskites
has been widely investigated by temperature-dependent FET
measurements.”” Unfortunately, a corresponding systematic
investigation of 2D layered tin halide perovskites is still rare,
impeding a fundamental understanding of their charge trans-
port properties in the FET configuration especially in correla-
tion to their inherent mechanism.

Recently, benzimidazolium-based organic cations have been
synthesized for perovskite applications. Compared to other
reported organoammonium cations terminated by alkyl-NH;"
groups, the hydrogen bond between imidazole-based cations
and the metal-halide octahedral sheets is more symmetrical,
which is expected to reduce the distortion of the inorganic
octahedral of the 2D perovskite structure as a distinct pathway
for the charge carriers.”® For example, Dyksik and coworkers
demonstrated the broad tunability of carrier effective masses
in 2D halide perovskites through the choice of the organic
templating layer and metal cations based on the experimental
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results with electronic band-structure calculations.”* Addition-
ally, Peksa et al. showed that 2D perovskites containing benzo-
triazole-based organic cation has the lowest reduced effective
mass among lead iodide 2D perovskites. The low reduced
effective mass was attributed to a low degree of octahedral
distortion.”> These findings disclose that a higher degree of
ordering of the octahedral units is expected to reduce the
effective mass of the charge carriers. Therefore, benzimidazo-
lium (Bn) was selected as an organic spacer for this work to
study the crystal structure, film morphology and charge carrier
transport of the tin iodide based perovskite, (Bn),Snl,. The
charge carrier transport in the (Bn),Snl, perovskite was inves-
tigated at both nano- and macroscopic scales across various
temperatures. Ultrafast terahertz photoconductivity results
reveal high charge carrier mobilities up to 17 em* V' s7*
and indicate an unhindered band transport which is attributed
to the regular structure of the octahedral [Snlg]*~ sheets as
proven by density functional theory calculations. As conse-
quence of the improved film morphology obtained from mixed
solvent and possibly the ordered inorganic octahedron layers,
less ionic defects are formed and the ion migration in FETs
is drastically suppressed. However, the decline of the charge
carrier mobility with temperature decrease in the device
implies a hopping mechanism for the macroscopic transport.
The change from band to hopping transport is related to
structural defects and domain boundaries on the macroscopic
scale. Our findings provide important insights into the charge
transport properties of 2D tin halide perovskites in FETs.

Results and discussion

The chemical structure of the Bn cation is presented in Fig. 1(a).
To better understand the effects of this cation as an organic
spacer on the octahedral [Snlg]'~ inorganic sheets, the electronic
properties of the 2D perovskite semiconductor (Bn),Snl, were
evaluated employing density functional theory (DFT) calculations
(see the Experimental section for computational details). The DFT
calculations reveal a distance of 14.8 A between adjacent inorganic
layers. The distortion of the inorganic framework is assessed
by the Sn-I bond lengths and Sn-I-Sn bond angles. As shown
in Fig. S1 (ESIt), the average bond angle is close to the ideal angle
of 180°. Meanwhile, the small variation of Sn-I bond lengths
indicates regular inorganic skeletons. These indicate that the 2D
(Bn),Snl, perovskite is expected to be beneficial as a potential
channel material for charge carrier transport. Fig. 1(b) illustrates
the electronic band structure of (Bn),Snl, along high symmetry
points within the first Brillouin zone, revealing that both the
valence band maximum (VBM) and the conduction band mini-
mum (CBM) occur at the Y-point (0.0, 0.5, 0.0), suggesting a direct
band gap with a calculated band gap of 1.64 eV. Hole effective
masses (m]) are determined relative to the rest mass of free
electrons (m,) through fitting the band edges with a third-order
polynomial, resulting in a value of —0.196 (Y — I), which was
later utilized to evaluate the hole mobility in the subsequent THz
analysis. With respect to the hole effective masses, the electron
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(a) lllustration of DFT-optimized crystal structure of the layered perovskite (Bn),Snly, along with the chemical structure of the benzimidazole (Bn)

cation. (b) The band structure and (c) densities of states (DOS) plots for (Bn),Snl, derived from DFT calculations. The effective mass of holes and electrons
(m;, /m) is reported in the units of the free electron rest mass (mg = 9.11 x 107*! kg).

effective masses () are significantly larger (Fig. 1(b)), yielding a
value of +0.456 (Y — I'). The calculated total and projected
densities of states (DOS and pDOS, respectively) for (Bn),Snl,
are presented in Fig. 1(c). Consistent with the behavior observed
in other Sn-based 2D perovskites, the Sn 5s and I 5p orbitals
emerge as the primary contributors to the VBM in (Bn),Snl,, with
the I 5p orbital making the larger contribution."” In contrast, the
principal contributors to the CBM are Sn 5p and I 5p orbitals,
with the metal-based orbital playing a more pronounced role.
To evaluate the influence of the organic spacer, the partial DOS
contributions originating from C, H, and N atoms were investi-
gated. Summing up these contributions and plotting them (blue
curve) allowed us to disentangle the independent contribution of
the organic layer. These results indicate that the organic layer
does not have a “direct” impact on the electronic properties of
(Bn),Snly, as its contribution remains distinct from both VBM
and CBM.

Improved morphology and crystallinity in polycrystalline
perovskite thin films are prerequisites for facilitating charge
transport.>® The processing solvent plays an important role in
controlling the crystallization kinetics of perovskite films.
To fine-tune the crystallization of the (Bn),Snl, films, dimethyl
sulfoxide (DMSO) and dimethylacetamide (DMAC) were mixed

6814 | Mater. Horiz., 2025, 12, 6812-6821

with N,N-dimethylformamide (DMF) forming mixed DMF : DMSO
and DMF: DMAC solvent systems. DMF is the most widely used
solvent to prepare perovskite precursor solutions. DMF has a
relatively low Gutmann donor number of 26.6 kcal mol " com-
pared to DMSO and DMAC, with 29.8 and 27.8 kcal mol %,
respectively.”” A solvent with a high Gutmann number strongly
coordinates with divalent metal centers and suppresses the
formation of molecular clusters.?®*° As a result, DMF-based
films show rough morphology with a large number of pinholes,
which is detrimental to long-range charge transport.*® The
boiling point is another key parameter to determine the eva-
poration rate of the solvent. It has been reported that the polar
solvent DMSO with a high boiling point of 189 °C is less volatile
and can readily remain in the perovskite film even after thermal
annealing.*" The residual solvent in the film can decrease the
crystallinity, leading to reduced film quality. On the contrary,
DMF and DMAC with low polarity, which have a low boiling
point of 152 °C and 165 °C, respectively, are more volatile
during annealing.*" Within the optimization of the deposition
process, the mixing ratio of DMF: DMSO and DMF : DMAC of
4:1 showed the highest crystallinity and improved film mor-
phology and therefore this mixed solvent was chosen for film
deposition. The effects of processing solvents on the perovskite

This journal is © The Royal Society of Chemistry 2025
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(a) Out-of-plane XRD of (Bn),Snl, films cast from different solvents. (b) FWHM analysis of the (002) peak. (c) UV-vis absorption of the three

perovskite films. SEM and AFM images for the (Bn),Snl, films processed from different solvents of (d) and (g) DMF; (e) and (h) DMF : DMSO; and (f) and (i)

DDF : DMAC, respectively.

crystal structure were first studied by X-ray diffraction (XRD).
The XRD patterns demonstrate that the well-organized layered
structure can be easily formed for (Bn),Snl, perovskite (Fig. S2,
ESIT). Fig. 2(a) shows the X-ray diffractograms (XRD) of the
(Bn),Snl, thin films processed from pure DMF, DMF: DMSO
and DMF:DMAC solvents and annealed at a temperature of
100 °C. To ensure comparison, the thickness of the films was
kept at 30 nm (Fig. S3, ESIt). These three samples exhibit
typical (00!) out-of-plane organization (I = 2, 4, 6, 8, and 10),
indicating the formation of a layered structure.** From the
position of the (002) diffraction peak at 6.29° an interlayer
distance of 14.1 A is found for the three films, which matches
well with the DFT calculations. The above result confirms that
the optimized solvent mixtures do not affect the crystal lattice
in the layered perovskite structure. In addition, the full width at
half maximum (FWHM) of the (002) crystal facet is 0.2°, 0.15°,
and 0.17° for films obtained from pure DMF, DMF : DMSO and
DMF : DMAC, respectively, suggesting slightly improved out-of-
plane crystallinity of the film with the mixed solvents compared
to the pure DMF (Fig. 2(b)).*

The UV-vis absorption spectra of the (Bn),Snl, perovskite
films cast from the three different solvent systems are compared

This journal is © The Royal Society of Chemistry 2025

in Fig. 2(c). The three films show similar absorption features in
the visible spectral range. The sharp peak at 668, 663, and 665 nm
for pure DMF, mixed DMF: DMSO, and DMF: DMAC processed
films are characteristic of intrinsic excitonic absorption due to the
dielectric confinement effect, demonstrating the layered quantum
well structure of the perovskite.** The similar position of the
excitonic peak suggests an identical structure of the perovskite
films.® But the higher steady-state photoluminescence (PL) inten-
sities of the film obtained from mixed solvents indicate less
defects and higher crystallinity (Fig. S4, ESIt)."® The morphologies
of the three perovskite films were further studied by scanning
electron microscopy (SEM) and atomic force microscopy (AFM)
characterizations. As shown in Fig. 2(d)-(i), when processed from
pure DMF solution, pinholes and grains of varied sizes are formed
in the (Bn),Snl, film, leading to a rough film surface with a high
root-mean-square (RMS) roughness of 34.4 nm. The poor film
morphology with the pinholes is responsible for large boundaries
limiting the charge transport in the film. On the contrary,
processed from mixed solvents, the (Bn),Snl, films exhibit a more
uniform and smooth morphology with improved surface cover-
age. As a consequence, the RMS values are reduced to 14.6 and
18.9 nm for films obtained from DMF : DMSO and DMF : DMAC,

Mater. Horiz., 2025, 12, 6812-6821 | 6815
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respectively. The improved morphology is related to the beneficial
role of DMSO and DMAC as discussed above in tuning the
crystallization process of the (Bn),Snl, perovskite films (Fig. 2(h)
and (i)). It should be noticed that in comparison to DMF and
DMF : DMSO processed films, DMAC induces changes in the grain
shape from rounded to nanorods and nanoplates. We attribute
the morphological variations to the aforementioned different
crystallization kinetics with these solvents.

To investigate the charge carrier transport of these three
perovskite films deposited from different solvents, FETs were
fabricated with bottom-gate/top-contact configuration (Fig. 3(a)).
The transfer curves were recorded at Vgs = —60 V with V, scanned
from +60 to —60 V in pulse mode. The electrical characteristics
were measured in vacuum under dark conditions to avoid the
degradation of perovskites (see more details in the Experimental
Section). Fig. 3(b) and (c) show the summarized electrical para-
meters, including charge carrier mobility, threshold voltage (Vi,),
on/off current ratio (Ion/of), and subthreshold swing (SS) recorded
at 295 K for the films obtained from different solvents.
All parameters are extracted from the saturation region of the
transfer curve in the forward direction. The transfer curves of all
(Bn),Snl, FETs exhibit typical p-channel characteristics. The pris-
tine device processed from pure DMF shows an average field-
effect mobility, Vi, Ionjorr, and SS value of 0.08 cm® V' s,

View Article Online
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7V, ~107, and 20 V dec™ ", respectively (Fig. 3(d)). On the other
hand, the FETs obtained from the co-solvents reveal improved
overall performance. The devices from DMF:DMSO and
DMF: DMAC reveal higher charge carrier mobility of 0.26 and
0.15 cm® V' s, as shown in Fig. 3(e) and (f). It is worth noting
that at 295 K the output characteristics of the devices from mixed
solvents in Fig. 3(h) and (i) are also improved compared to the
pristine device, which both additionally show a relatively good
gate modulation of the channel current (Fig. 3(g)). Additionally,
the bias stress stabilities for the (Bn),Snl, perovskite FETs based
on different solvents are summarized in Fig. S5 (ESI). The
normalized source-drain current (Iy4(¢)/Ias(0)) of the (Bn),Snl,
FETs with DMF:DMSO and DMF:DMAC solvents degrades
slower than the pristine device, further confirming the beneficial
role of the solvent mixture in improving the device bias stability by
effectively reducing defects and lowering ion migration as further
discuss in the following.

To deeper analyze the transport mechanism, in the first step
the trap density number (N,) at the dielectric/perovskite inter-
face was evaluated on the basis of the SS values as defined by

kBTlnIO[1 q*

the following equation: SS = +6Nt} , with kg the

Boltzmann constant; T the absolute temperature; g the elemen-
tary charge and C; the areal capacitance of the dielectric layer.*®
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(a) Top-contact bottom-gate structure of (Bn),Snl4 FETs. Summary of (b) charge carrier mobility and Vi, and (c) SS and /on/0f for (Bn),Snly FETSs

fabricated from different solvents. The error bars were calculated from 10 individual devices. Transfer and output curves of the devices at 295 K

processed from (d) and (g) pure DMF, (e) and (h) DMF: DMSO, and (f) and (i)
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We found that N, decreases from 2.5 x 10" em 2 eV for
the pristine DMF (Bn),Snl, FET to 1.1 x 10" and 1.6 x
10 ecm 2 ev ! for the DMF:DMSO and DMF:DMAC pro-
cessed FETs. These results suggest that the solvent mixtures
improve the film quality at the perovskite/dielectric interface
contributing to lower SS and reduced trap density. The FETs
based on mixed solvents also show reduced dual-sweep hyster-
esis. The AV, parameter, which is assigned to the V, difference
in both forward and backward sweep directions at |Igs| =
107% A (around halfway between the on and off states), is
defined to quantitatively analyze the hysteresis of the FET
devices.’”*® The pristine device reveals a AV, of 8.5 V, which
decreases to 5.5 and 5.3 V for the mixed solvents. The lowered
hysteresis can be attributed to a combination of suppressed
ion migration and reduced interface defects.>® Since the 2D
(Bn),Snl, perovskite films based on the co-solvents provide
higher crystallinity and enhanced morphologies, the density
of defects decreases, leading to lower ion movement. Through
appropriate solvent tuning, the effects of ionic screening can be
reduced and improved transistor characteristics are obtained.

It should be noted that both reference and optimized
(Bn),Snl, exhibited suppressed hysteresis compared to other
2D tin halide perovskite FETs based on alkyl-NH;" terminal
incorporated organic spacers, such as PEA,"* phenylpropylam-
monium (PPA),"” 2-thiopheneethylammonium (TEA),”® and
butylammonium (BA).>° Since the hysteresis of perovskite FETs
at room temperature is closely related to the ion migration and
accumulation process, a lowering of the hysteresis indicates
reduced ionic defects in the (Bn),Snl, thin films.

To further elucidate the charge transport mechanism in the
(Bn),Snl, films, temperature-dependent FET measurements
were conducted for a temperature range from 90 to 295 K.
Generally, the effect of ion migration in perovskite FETs can be
mitigated to a great extent by operating the devices at low
temperature wherein the ions are believed to be immobilized."*
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This study allows the investigation of charge transport behavior
in perovskite semiconductors in the absence of ion accumula-
tion. Fig. 4(a)-(c) shows the transfer characteristics of (Bn),Snl,
FETs processed from different solvents for different operation
temperatures. The corresponding other electrical parameters
and the output curves at low temperature are summarized in
Fig. S6 and S7 (ESIt). For all three deposition conditions, the
hysteresis completely disappears in the transfer curves at a
temperature of around 200 K (Fig. 4(d)-(f)). This behavior is
attributed to suppressed ion migration in the low-temperature
regime. In comparison, hybrid tin perovskites, that contain
phenylalkylammonium cations with odd carbon-numbered
spacer and reveal a twisted octahedron framework, result
in more severe ion migration also at low temperatures.'”"*°
The conjugated imidazole Bn organic spacer induces stronger
hydrogen bonding interactions with the inorganic [SnIg]*~
octahedron layer possibly leading to less ionic defects. Since
ion migration is suppressed, the increase in charge carrier
mobility from 90 to 200 K is solely attributed to a thermally
activated transport and hopping mechanism.*'

Ultrafast terahertz (THz) photoconductivity measurements
were performed to complement electrical transport measure-
ments. Unlike the electrical measurements of FETSs, where long-
range charge transport effects are studied, the THz probe
reports the local, intrinsic charge carrier mobility in the spatial
range of ~10 nm due to the transient nature of the THz pulse
(with ~1-2 ps duration).** Our findings unveil a dichotomy in
charge conduction mechanisms of (Bn),Snl, films obtained
from the DMF:DMSO mixture. Fig. 5(a) and (b) show the
temperature-dependent product of the mobility (1) and free
carrier generation quantum yield (¢) and the corresponding
extracted peak values of mobility. Interestingly, we observe that
photoconductivity increases with lowering temperature and
reaches a high mobility up to ~17 em”® V™' s, By fitting with
the equation followed by u oc T (1), f = 0.65 is extracted as
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Fig. 4 Temperature-dependent transfer characteristics of the (Bn),Snl, FETs prepared from (a) pure DMF, (b) DMF:DMSO, and (c) DMF:DMAC.
The corresponding temperature dependence of (d)-(f) hysteresis and charge carrier mobility for the three FET devices.
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(a) Temperature-dependent terahertz photoconductivity measurements of a (Bn),Snl, thin film prepared from mixed DMF:DMSO solvent.

Temperature-dependent OPTP dynamics at fixed pump fluence reveal enhanced mobility at lower temperatures. (b) Charge carrier mobility as a function

of temperature. The red dashed line is the fitting result following u oc T7*.

shown by the red dashed line in Fig. 5(b). We note that the
estimated mobility here represents the lower limit of charge
carrier mobility as we assume a unity free-carrier generation
quantum yield (¢ = 100%) in the sample. These results indicate
that the short-range, intra-grain transport is governed by band-
like conduction mechanism, drastically different from the
thermally activated charge transport on the macroscopic scale
in FET devices. We attribute the difference in temperature-
dependent charge transport behavior in THz spectroscopy
and transistors to their different working mechanisms.'” The
pronounced intrinsic charge carrier transport with the corres-
ponding band mechanism has been already observed for few
other 2D and 3D perovskites,**** whereby the local charge
carrier mobility of 17 em® V™' s7' is related to the high
regularity of the inorganic framework of (Bn),Snl, which is
established by the symmetric hydrogen bonds between
imidazole-based cations and the metal-halide octahedral sheets
(Table S1, ESIt). In contrast, in FET devices, charge carriers
drift over the micrometer range in the channel through multi-
ple perovskite domain boundaries and structural defects along
the applied electric field. Due to charge trapping at these
structural inhomogeneities the transport is dominated by a
hopping mechanism.** The combined THz and FET results
suggest that, although the current device demonstrates reason-
able performance, further processing optimization to grow film
morphologies with larger domains and lower defect density will
enable higher charge carrier mobility (e.g. >10 cm®> V™' s ') in
perovskite transistors in the future.

Conclusions

We studied the charge transport properties of 2D (Bn),Snl,
perovskite by FET and high-frequency THz spectroscopy. The
benzimidazole cations establish symmetric hydrogen bonds
with the octahedral [SnIg]*~ sheets in the perovskite ensuring
a regular structure of the inorganic layers. The order of the
octahedral sheets may contribute to an efficient local charge
carrier transport up to 17 cm® V- s~ ! that is assigned to a

6818 | Mater. Horiz., 2025, 12, 6812-6821

band mechanism. The crystallization and morphology of the
(Bn),Snl, perovskite film are optimized through rational sol-
vent engineering, promoting the p-type device performance of
the FETs. The analysis of the device behavior proved a signifi-
cant suppression of the ion migration which is attributed to
reduced ionic defects due to improved film morphology and
probably also the ordered octahedral sheets. The increase of the
charge carrier mobility with increasing operation temperature
of the FET from 90 K to 295 K is characteristic for a thermally
activated transport and hopping mechanism. Structural defects
and domain boundaries act as trapping sites and dominate the
hopping mechanism for the macroscopic charge transport
resulting in reduced mobilities in comparison to the efficient
transport at the nanoscopic scale. The insights of this study
emphasize the importance of the structural order and film
morphology of perovskite semiconductors for the performance
of electronic devices.

Experimental section
Materials

All the chemicals were used as received without any other
refinement unless otherwise specified. Benzimidazol (99.8%),
tin(u) iodide (Snl,, 99.999%), N,N-dimethylformamide (DMF,
anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous,
>99.9%), and dimethylacetamide (DMAC, anhydrous, >99.8%)
were purchased from Sigma-Aldrich. Heavily doped Si/SiO,
(300 nm) substrates were obtained from Ossila Ltd.

Synthesis of organic salt benzimidazolium iodide (BnI)

Precursor benzimidazole (2.36 g, 20 mmol) was dissolved in
aqueous HI solution (57%, 8 ml, ~30 mmol of HI) in a round-
bottom flask. The solution was cooled down to 0 °C in an ice
bath and then left to react for 3 h, and then slowly warmed up
to room temperature. Then the reaction was stopped, and the
solvent was removed using a rotary evaporator, and the residue
was further washed with diethyl ether for several times. The
washed solid was redissolved in EtOH and recrystallized by

This journal is © The Royal Society of Chemistry 2025
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adding diethyl ether. The recrystallized solid was filtered and
washed by diethyl ether for three times. After drying in a
vacuum oven overnight at room temperature, the solid organic
salt Bnl was obtained (Fig. S8 and S9, ESIt). "H NMR (400 MHz,
DMF) § 9.62 (s, 1H), 7.88 (t, 2H), 7,63 (t, 2H). >C NMR
(101 MHz, DMF) § 141.23, 131.07, 126.44, 114.73.

FET fabrication

Bare Si/SiO, wafers were cleaned in ultrasonication bath with
acetone and isopropanol for 30 min in a sequential manner.
After drying by flowing nitrogen, the substrates were treated
with UV/ozone for 20 min then transferred into a glove box for
further use. The perovskite precursor solution with the concen-
tration of 0.1 M was prepared by dissolving the organic salt Bnl
and Snl,, with molar ratio of 2:1 in pure DMF, mixed DMF/
DMSO (4:1) and DMF/DMAC (4:1), respectively. Then the
solution kept stirring for 2 h at room temperature in N, glove-
box and filtered with a 0.2 um polytetrafluorethylene filter
before use. Perovskite thin films were deposited by spin coating
the solution at 4000 rpm for 60 s, followed by thermal anneal-
ing at 120 °C for 10 min on a hotplate. Finally, source and drain
electrodes with 80 nm gold were thermally evaporated through
a shadow mask for 80 x 1000 pm (length x width) transistor
channels.

Thin film characterization

The optical absorption spectra of perovskite films were mea-
sured using an UV/Vis spectrophotometer from a PerkinElmer
Lamda 25 instrument with an all-reflecting, double-monochro-
mator optical system and holographic gratings used in each
monochromator for the UV-vis range. During all measure-
ments, the samples were kept in the air and at room temperature.
The steady PL spectra were measured using VANTES SenseLine
spectrometer (ULS2048 x 64) with an excitation wavelength of
405 nm in a N,filled glovebox. The SEM images were recorded
using LEO Gemini 1530. The perovskite films were fabricated on
the silicon substrate. The images were collected at a voltage of
0.1 kv. The film morphology was characterized by Bruker Dimen-
sion Icon FS AFM in tapping-mode at a resonant frequency of 300
kHz and a spring constant of 26 N m~'. The root mean square
(RMS) roughness values were extracted from images of 5 pm x
5 um. Thin film thickness measurements were performed by a KLA
Tencor Profilometer in air.

FET device measurement

All devices were characterized using Keithley 4200-SCS in a
vacuum of 10~ ® mbar. Transfer and output characteristics were
operated in the pulsed mode and V, was applied over a short
pulse of 0.05 s during the scan. The temperature-dependent
measurements were performed from 90 K to 295 K in a Janis
probe station connected to a cryostat and cooled with liquid N,.
The temperature was monitored using thermocouples. Mobility

values of FETs were extracted with the following equation: yu =

2
2L (0]
WCi( 3V:S) where L, W, and C; are the channel length

This journal is © The Royal Society of Chemistry 2025
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and width and the unit capacitance of the oxide dielectric,
respectively."®

Details of DFT calculations

Density functional theory (DFT) calculations were conducted using
the Vienna Ab initio Simulation Package (VASP, version 6.1),%
employing the PBE exchange-correlation functional.*® The
initial structure of the material was adapted from a similar
Pb-based material reported by Lermer et al,*” which was
subsequently optimized using the following protocol: to
account for valence-core interactions, the projected augmented
wave (PAW) method was employed.*® During geometry relaxa-
tion, a plane-wave kinetic energy cutoff of 520 eV, an energy
convergence threshold of 107> eV, and forces on each atom
smaller than 0.01 eV A~! were used. Furthermore, van der
Waals interactions were incorporated using Grimme’s D3
method during the structure optimization.”® For both struc-
tural relaxation and densities of states (DOS) calculations, we
adopted Brillouin zone sampling with a Monkhorst-Pack 4 x 4
%X 1 k-mesh. In all our calculations, the valence electron counts
per atom type were as follows: Sn (14), I (7), C (4), H (1), N (5).
Recognizing the importance of spin-orbit coupling (SOC) in
understanding the electronic structure of hybrid organic/inor-
ganic perovskite materials,’® we considered SOC effects when
performing DOS and band structure calculations. For the
visualization and post-processing of structures, DOS, and band
structures, we employed a combination of tools including
VESTA,* VASPKIT,** and the sumo package.

Optical pump-THz probe (OPTP) spectroscopy

The THz spectrometer is driven by a mode-locked Ti:Sappire
laser with central wavelength of 800 nm, repetition rate of
1 kHz, and pulse duration of 50 fs. The output laser beam is
separated for THz generation through optical rectification in a
1 mm-thick ZnTe crystal, and optical excitation. A photoexcita-
tion with photon energy of 3.10 eV generated by a beta barium
borate crystal was employed to generate charge carriers in the
conduction and valence bands. Secondly, a single-cycle THz
pulse with ~1 ps duration transmitted collinearly through the
perovskite thin film on fused silica substrate interacting with
the photoexcited electrons and holes. The photoconductivity
Ao of these photogenerated charge carriers is directly probed by
the THz pulse in the transmission geometry, and related to the
relative attenuation of the THz peak field (AE = Epymp — Eo, with
Epump and E, representing the transmitted THz peak field with
and without excitations) based on the thin-film approximation.
In principle, Ag can be expressed as: Ac = AN x e x p, with e
and u representing elementary charge and charge carrier
mobility.>* The free charge carrier density AN can be further
related to the absorbed photon density N,ps and the photon-
to-free-carrier quantum efficiency ¢ (0 < ¢ < 1) following:
AN = Nups X ¢. Then the time dependent effective mobility is
goc(ng +my) AE d

d . f) . Nabs
Where n; = 1.96 is the THz refractive index of fused silica,

calculated from 7 _ < = Q.
abs,flim
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n, = 1 the refractive index of the air. Npgs f1im is the number of
absorbed photons in the unit thickness.”®
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