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Organic Surface Doping for High-Performance Perovskite

Transistors

Ju-Hyeon Kim, Chang-Mok Oh, In-Wook Hwang, Kiyoung Park, and Kwanghee Lee*

Quasi-2D perovskites have attracted significant attention because of their
environmental robustness and superior long-term stability compared with
their 3D counterparts. However, they typically consist of a mixture of multiple
quantum wells with different optoelectrical properties, which degrades the
electronic properties and hinders further electronic applications. Here, to
challenge this issue, a surface p-doping strategy involving the introduction of
a thiophene-containing polymer onto the surface of quasi-2D tin perovskites
is reported. The tin ions in the perovskites effectively interact with the sulfur
atoms in the thiophene moieties, thereby generating hole carriers and
inducing p-doping. The resulting doped quasi-2D perovskites exhibit excellent
surface crystallinity, lower trap density, and enhanced charge carrier transport
capability along the perovskite semiconductor channels. Consequently, the
doped quasi-2D tin perovskite-based transistors exhibit a high field-effect
mobility of 53 cm?V~'s~" (7 em2V~'s~" for the control device) and an
outstanding on/off ratio (>107), together with superior operational stability.

based on 3D tin (Sn) perovskites, which
are generally described as having a stoi-
chiometry of ASnX,, where A represents
an organic or inorganic monovalent cation
(such as formamidinium, FA*, or cesium,
Cs*) and X denotes a halide anion, exhibit
excellent p-type semiconductor properties
owing to their low hole carrier effective
mass and defect-tolerant.[*-] The p-type na-
ture of 3D tin perovskites originates from
strong tin-halide orbital coupling near the
valence band edge (VBE), which generates
Sn vacancies (Vg,) that act as a source of
hole carriers.”°! Despite their excellent p-
type properties, 3D tin perovskites are eas-
ily oxidized in an air atmosphere, thereby
significantly deteriorating their transport
properties and limiting their device appli-

1. Introduction

Metal halide perovskites have emerged as highly promising semi-
conductors for next-generation electronic applications, includ-
ing monolithic 3D integration, neuromorphic devices, and single
quantum sensors/emitters, benefiting from their easy process-
ing and high carrier mobilities.'*] Thin-film transistors (TFTs)
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cations for further commercialization.["!

2D Ruddlesden-Popper  perovskites
(RPPs) with the tin-based formula
(A7),SnX,, where A’is a bulky organic
cation (e.g., phenethylammonium, PEA™), exhibit distinctive op-
toelectrical properties.[''13] The bulky organic cations are posi-
tioned within an inorganic [SnX,]*~ octahedral framework and
form quantum wells (QWs).['] This unique structure contributes
to the superior environmental stability of 2D RPPs because
the hydrophobic nature of the bulky organic cations protects
the perovskite from external contaminants such as oxygen and
moisture.['] However, due to the intrinsically insulating prop-
erties of bulky organic cations, the field-effect mobility (ppg) of
the solution-processed RPP-based TFTs (<5 cm?V~1s7!) is quite
low compared with that of 3D perovskites (>50 cm?V~1s71).[1617]
The strategy of hybridizing 2D and 3D perovskites, with the re-
sulting materials generally referred to as quasi-2D perovskites,
provides another approach. These quasi-2D perovskites combine
the advantages of 2D (environmental stability) and 3D (high field-
effect mobility) perovskites.'®] Despite the improved properties
of quasi-2D perovskites, they still suffer from an inhomogeneous
crystal distribution with a mixture of multiple QWs, which hin-
ders efficient current flow through semiconductor channels.!1*20]
This situation greatly degrades their electrical properties and hin-
ders their further electronic applications.?!]

Electronic doping with substitutional impurities is one
of the most powerful techniques for controlling the elec-
tronic properties of conventional silicon-based semiconduc-
tors, thereby advancing semiconductor physics and modern
microelectronics.[?22] However, regulating the electronic prop-
erties of perovskites via a similar systematic approach is
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challenging because of their intrinsic defects, which exhibit
strong charge-compensating behavior.?*?’] Recent attempts at
organic modification of 3D perovskites have demonstrated the
potential for electronic tuning of these perovskites.!?8] Similar
to electronic doping, the integration of organic moieties strongly
influences the electronic structure of perovskites, enabling fine-
tuning of the charge carrier density and mobility. Nonetheless,
exploiting the interactions between organic moieties and per-
ovskites for practical applications has not been explored in detail.

Here, to enhance the electronic properties of quasi-2D per-
ovskites, we introduce a new doping strategy involving polymer
modification on their top surface. This organic molecular sur-
face doping strategy suppresses trap-assisted recombination and,
consequently, leads to efficient charge carrier transport, based on
transient absorption spectroscopy analysis. Leveraging these ben-
efits, efficient p-type quasi-2D perovskite-based TFTs (quasi-2D
TFTs) with a high pgz of 53 cm?V-1s71(7 cm?V~!s7! for the con-
trol device), an excellent on/off ratio (I, /I q) of 2.36 X 107, and
superior operational stability, are attained. Our work advances
the fundamental understanding of the surface molecular dop-
ing physics of quasi-2D perovskites and their charge transport
dynamics for novel optoelectronic applications.

2. Results and Discussion

2.1. Surface Modification Strategy and Electrical Property
Analysis

We used a low-dimensional tin-based quasi-2D perovskite
material, # = 7 (PEA),(FA)¢Sn,I,, (where 5 represents the
width of the inorganic perovskite) with multiple # values (1 <
7), because it exhibited both 2D and 3D perovskite properties
(Figure 1a). To investigate the effects of polymer modifica-
tion of quasi-2D perovskites, we selected different types of
representative polymer materials, including the nonconju-
gated polymer polystyrene (PS), the conjugated homopolymer
poly(3-hexylthiophene) (P3HT), and the conjugated copolymer
poly[2,5-(2-octyldodecyl)—3,6-diketopyrrolopyrrole-alt-5,5-(2,5-
di(thien-2-yl)thieno[3,2-b]thiophene)] (TT); their chemical struc-
tures are depicted on the right side of Figure 1a. In an endeavor
to investigate the chemical interaction between the quasi-2D
perovskite and polymers, we performed X-ray photoelectron
spectroscopy (XPS) measurements on the control and each
polymer-modified thin film. All samples were prepared via low-
temperature solution processing, and the thicknesses of the thin
films were measured to be <40 nm by a surface profiler: #30 nm
for the control perovskite and ~35 nm for the polymer-modified
samples. In the XPS spectrum of the control film (Figure 1b), we
observed distinct peaks corresponding to the binding energies
of Sn 3d;, (494.08 eV) and Sn 3ds, (485.68 eV), and these peaks
shifted to lower binding energies after polymer modification.
More importantly, two additional peaks for tetravalent tin (Sn**)
were observed in the spectra of the thiophene-containing poly-
mer (P3HT and TT)-modified samples, which originated from
Sn-S interactions, as determined by Fourier transform infrared
(FTIR) spectroscopy (Figure 1f,g).3%3! The C-S vibration-related
peak (1260 cm™) of the thiophene group slightly shifted and
broadened upon interaction with the Sn ions of the perovskite.
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To estimate the relative abundance of the two oxidation states,
we calculated the peak area ratio Ag,.. /Ag,u, Where Ag,.. rep-
resents the area of the Sn**-related peaks (orange regions) and
Ag,u denotes the area of the entire Sn spectrum. The propor-
tions of Sn** in the thiophene-containing polymer-modified sam-
ples were 24.09% (with P3HT) and 28.63% (with TT). The differ-
ence between these values indicated that the TT polymer inter-
acted more effectively with the Sn ions on the perovskite sur-
face because of the weaker steric hindrance effect from thio-
phene (Figure S1, Supporting Information). The formation of
Sn-S interactions led to a decrease in the electron density of
the Sn—I bonds, resulting in the formation of I, or I, ions
on the perovskite surface, as confirmed by the iodine 3d spec-
tra (Figure 1c).11%32-3] Furthermore, the deconvolution of the S
2p binding energy peaks strongly supported the occurrence of
Sn-S interactions. The proportion of S,%~ or S, > ions increased
from 12.41% to 14.79% (with P3HT, Figure 1d) and from 8.87%
to 14.65% (with TT, Figure 1e).3%37] This change in the propor-
tion was due to the electron-accepting nature of the sulfur atoms
in the thiophene units, which accepted electrons from the tin
ions. Typically, oxidation of divalent tin (Sn**) ions to Sn** in tin
perovskites induces lattice instability, and Sn** acts as a defect-
mediated recombination center since Sn** ions are incorporated
into the perovskite lattice. To assess the incorporation of Sn**
resulting from Sn-S interactions in perovskite materials, we ob-
tained XPS depth profiles (Figure S2, Supporting Information)
and corresponding Sn 3d spectra (Figure S3, Supporting Infor-
mation). Sn** ions only existed in the thiophene-containing poly-
mer samples and were confirmed to be found only at the top sur-
face of the perovskite films. These results indicated that the poly-
mer modification strategy did not affect the lattice instability of
the perovskite films, which was induced by Sn** incorporation.

To elucidate the electronic structure of the quasi-2D per-
ovskites, we conducted ultraviolet-visible (UV-Vis) absorption
spectroscopy (Figure S4, Supporting Information) and UV photo-
electron spectroscopy (UPS, Figure S5, Supporting Information)
measurements, from which the bandgap, Fermi energy level (Ep),
and valence band maximum (VBM) of the perovskite materials
could be determined. Figure 2a presents the corresponding en-
ergy level diagrams of the control and each polymer-modified
quasi-2D perovskite film. Owing to the Sn-S interaction, E;
shifted toward the VBM: the E; values were —4.47 eV (control),
—4.55 eV (with PS), —4.65 eV (with P3HT), and —4.79 eV (with
TT), and the shift originated from the generation of Sn** and Vg,
at the VBE. Moreover, as depicted in Figure 2b, we further per-
formed Hall effect measurements to evaluate the electrical prop-
erties of the quasi-2D perovskite films. The control film exhib-
ited an average hole carrier density of 6.44 x 10" cm~ and an
average Hall mobility (u;;,;) of 42 cm?*V~'s~!. Furthermore, the
PS-modified samples had slightly increased hole carrier density
(7.28 X 10% cm=3) and pyy,; (61 cm?V~1s71), which were related to
the defect passivation effect of the PS material. Notably, the per-
ovskite films modified with the thiophene-containing polymers
exhibited a significant increase in the hole carrier density (1.07
x 10® cm~3 for the sample with P3HT and 2.36 x 10 cm™3 for
the sample with TT) and excellent p,,,; values of 113 cm?V-1s7!
(with P3HT) and 136 cm?V~!s~! (with TT), respectively. There-
fore, based on these chemical and electrical property analysis re-
sults, the S atom in the thiophene unit could interact with the
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Figure 1. Perovskite top surface modification. a) Schematic illustration of the polymer modification strategy, corresponding quasi-2D perovskite, and
representative polymer materials. High-resolution XPS analysis of each quasi-2D perovskite thin film. b) Sn 3d and c) | 3d core-level spectra of the control
(black) and the samples with PS (blue), P3HT (red), and TT (green). The orange and purple regions correspond to Sn** and 15~ (or I,), respectively,
as determined from the area under the corresponding curve. S 2p spectra of d) P3HT and e) TT: homopolymer film (black), P3HT-modified quasi-2D
perovskite (red), and TT-modified quasi-2D perovskite (green). The corresponding blue regions are S,>~ or S, 2~. FTIR spectra of f) each homopolymer
film and g) modified quasi-2D perovskite films: control (black), with PS (blue), with P3HT (red), and with TT (green). The C-S-related vibration peak in
the samples is shown in the blue and red regions.
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Figure 2. Surface impurity-mediated p-doping strategy. a) Schematic representation of the energy level diagrams of each quasi-2D perovskite material.
Er and Eyc represent the energies of the Fermi and vacuum levels, respectively. b) Hall effect measurement results of each quasi-2D perovskite thin film,
showing the corresponding hole carrier density (left axis) and Hall mobility (right axis). Error bars were calculated from the individual measurements of
fifteen samples. c). Schematic illustration of the surface molecular p-doping strategy involving molecular-level interactions between the tin atoms of the
perovskite and the sulfur atoms in the thiophene unit of the polymer materials.

surface Sn ions, leading to the oxidation of Sn?* to Sn**, which
generated hole carriers at the surface of the quasi-2D perovskite
and induced p-doping (Figure S6, Supporting Information). We
denote this strategy as “electronic surface impurity-mediated p-
doping” (Figure 2c), and this novel p-doping strategy improves
the electrical properties of perovskite materials, which is expected
to enhance their TFT performance.

2.2. Physical and Optical Characterization

To observe the changes in the morphology of the quasi-2D per-
ovskites modified with various polymers, we conducted scanning
electron microscopy (SEM, Figure S7, Supporting Information)
and atomic force microscopy (AFM, Figure S8, Supporting In-
formation) analyses. The values of root-mean-square (RMS) and
surface area notably decreased in the polymer-modified films (de-
tailed values of the surface area are included in Table S1, Sup-

Adv. Funct. Mater. 2025, 35, 2411836 2411836 (4 Of11)

porting Information). The smooth morphology of the perovskites
could contribute to a homogeneous electric field in TFT appli-
cations, leading to increased TFT performance.!*] Furthermore,
to determine how polymer modification influences the crystal-
lography of the perovskite, grazing-incidence X-ray diffraction
(GIXRD) studies were carried out on each quasi-2D perovskite
thin film at various incidence angles (Figure S9, Supporting In-
formation). All the samples exhibited peaks corresponding to
both 3D perovskites, such as the (110) and (220) planes, and
2D perovskites, including the (020) and (004) planes; thus, these
samples were quasi-2D perovskite materials (Figure 3a).%40)
Moreover, we collected the full width at half maximum (FWHM)
of the peak corresponding to the perovskite (110) plane at 26 =
14.0°. As shown in Figure 3D, the polymer-modified samples had
lower FWHM values at an incidence angle of 0.1°, and the sam-
ple with TT had the narrowest FWHM. These results indicated
that polymer modification increased the surface crystallinity of
the quasi-2D perovskites.
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Figure 3. Physical and optical characterization of the quasi-2D perovskite materials. a) GIXRD patterns of each quasi-2D perovskite film, corresponding
to the perovskite (012) plane (right side), and b) incidence angle dependence of the FWHM of the peak corresponding to the quasi-2D perovskite (110)
plane — control (black) and samples with PS (blue), P3HT (red), and TT (green). c) Schematic illustration of the lattice structure: compressive strain
(left) and strain release effect of the polymer modification (right). d) Average lifetime mapping images of the control quasi-2D perovskite film and films
with PS, P3HT, and TT. The color scale bar indicates the average fast decay carrier lifetime, whereas the grayscale bar indicates the event count. e) Power
dependence analysis of the TA spectrum of the control quasi-2D perovskite film (signal at 820 nm). Corresponding laser powers: 1 (black), 5 (red), and
10 (blue) uJ-cm=2. f) Kinetics extracted from the TA signals at 850 nm for the control quasi-2D perovskite (black) and samples with PS (blue), P3HT

(red), and TT (green).

To collect strain information for the perovskite crystals, we cal-
culated the incidence angle dependence of the lattice d-spacing
of the perovskite (012) plane (right side of Figure 3a; Figure
S10, Supporting Information).[*!] The d-spacing monotonically
increased with increasing incidence angle for all the perovskite
samples, indicating that the compressive strain within the per-
ovskite materials caused additional defects and consequently un-
desirable nonradiative recombination processes.[“2l However, the
slopes of the samples modified with the thiophene-containing
polymers (P3HT and TT) were lower than those of the control
and PS-modified samples. This resultimplied that the thiophene-

Adv. Funct. Mater. 2025, 35, 2411836 2411836 (5 0f11)

containing polymer modification strategy induced strain release
in the perovskite materials (Figure 3c). Therefore, based on these
crystallographic analysis results, polymer modification effectively
increased the surface crystallinity and reduced the strain of the
perovskite crystals, which could induce efficient charge transport
in the quasi-2D perovskite materials.

Considering the possible influence of Sn-S interaction-
mediated surface molecular p-doping on the optical and photo-
physical properties of quasi-2D perovskites, we performed photo-
luminescence (PL) analysis and time-resolved spectroscopy mea-
surements of the quasi-2D perovskite thin films. As shown in
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Probe? wavelength [nm] Sample Fitted time constants® [ps]
o™ 7™ 7™ TangA
850 Control 1.4 rise 72.3 (69%) 410.5 (31%) 177.1
with PS 0.7 rise 69.7 (60%) 550.7 (40%) 262.1
with P3HT 0.7 rise 67.7 (51%) 710.3 (49%) 382.5
with TT 0.7 rise 69.9 (44%) 910.7 (56%) 540.7

o prohibit the oxidation of tin-based perovskite materials, all samples were encapsulated with cover glass; and ® The decay curves were fitted with a biexponential decay
model after the rise time (z,): AOD(t) = A, exp(—t/r,) + A; exp(—t/r3), where AOD(t) is the time-dependent TA intensity, A is the amplitude (noted in parentheses as the

normalized percentage, i.e., [A;/(A, + A3)] X 100), and 7 is the decay time.

Figure S11 (Supporting Information), the PL spectra exhibited
a blueshift and broadening; the wavelengths corresponding to
the PL maximum (A7) were 870.6 nm (control), 866.9 nm (with
PS), 866.1 nm (with P3HT), and 861.0 nm (with TT). This phe-
nomenon was caused by surface p-doping, which was induced
Dby the increase in the hole carrier density at the VBE originating
from the process.I*}] The increased population of states near the
VBE resulted in a higher probability of radiative recombination.
Further, the reduced compressive strain of the perovskite materi-
als affected their band structures, leading to a blueshift.[*?#4] Fur-
thermore, p-doping could improve the scattering processes, fa-
cilitating energy exchange between the carriers and lattice vibra-
tions, which broadened the emission. The PL analysis provided
strong support for the p-doping of the quasi-2D perovskites via
Sn-S interactions and was consistent with the results of the UPS
and Hall effect measurements.

The average carrier lifetime mapping images are shown in
Figure 3d. The light-green region with a relatively short life-
time (control quasi-2D perovskite) gradually transitioned to the
green (with PS), red (with P3HT), and deep red (with TT) re-
gions with an increase in the lifetime. The detailed time-resolved
PL (TRPL) decay curve and its time parameters are depicted in
Figure S12 and Table S2 (Supporting Information). The TRPL
decay profiles were fitted with a biexponential function; the fast
decay component (r;) was related to nonradiative recombina-
tion induced by trap states of perovskites, whereas the relatively
slow decay component (z,) was assigned to the bimolecular re-
combination process.I*! After the quasi-2D perovskite was mod-
ified with the polymers, the value and proportion of 7, decreased
because of the trap passivation effect of the polymers. In addi-
tion, the corresponding value and proportion of 7, increased;
thus, the increased radiative recombination was caused by the
doped hole carriers produced by the surface molecular p-doping,
which is similar to electronic doping in conventional inorganic
semiconductors.

To gain a deeper understanding of the carrier recombination
dynamics of the quasi-2D perovskites, we conducted picosecond
transient absorption (ps-TA) analyses on the control quasi-2D
film and each polymer-modified film. First, we measured the
power dependence of the ps-TA spectrum of the control quasi-
2D perovskite to optimize the laser power and confirm the re-
combination process (Figure 3e). As the laser power increased
from 1 to 5 and 10 pJcm™2, a specific shoulder curve appeared
at <2.0 ps; this peak was related to Auger recombination or ex-
citon annihilation due to the increase in the number of charge
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carriers in the quasi-2D perovskites with a higher laser power.
Furthermore, trap-assisted recombination (red regions) and free
carrier recombination regions (green regions) were also observed
in the sub-100 ps and over-100 ps regimes, respectively. There-
fore, we used a laser power of 1 pJem™= to exclude the Auger re-
combination process caused by an excessive charge carrier den-
sity. As shown in Figure S13 (Supporting Information), all the
ps-TA spectra showed photobleaching (PB, at 510 and 600 nm)
and photoinduced absorption (PIA, at 550 and 670 nm) peaks
because the quasi-2D perovskites had multiple QWs with dif-
ferent n values. The PB signals at 850 nm originate from 3D
perovskite-like behavior in quasi-2D perovskite, which serves as
the main transport channel of quasi-2D TFTs. The correspond-
ing PB (at 850 nm) decay curves for all the samples are shown
in Figure 3f, and the detailed decay times are summarized in
Table 1.14! The PB rise time (r,™) was different between the
control sample and polymer-modified samples, and this differ-
ence was related to the surface crystallinity changes and strain
release in the polymer-modified samples, as discussed in relation
to Figure 3c, which led to different lattice vibrations and carrier
relaxations. Furthermore, the polymer-modified samples had a
relatively low proportion of the sub-100 ps decay time (7,™) and
a simultaneously high proportion of the above-100 ps decay time
(r3T™). These results indicated suppressed trap-assisted recombi-
nation and increased free charge carrier radiative recombination
in the polymer-modified quasi-2D perovskites. In particular, the
sample with TT had the longest ;™ of 910.7 ps and a 7,,,™ of
540.7 ps (410.5 ps and 177.1 ps for the control sample, respec-
tively); these results provide evidence of efficient charge carrier
transport in the perovskite materials.

2.3. Characterization of the TFT Performance

We applied our novel electronic surface impurity-mediated p-
doping strategy to practical TFT applications. In this study,
we adopted the following top-contact bottom-gate quasi-2D
TFT configuration: Si/SiO,/quasi-2D perovskite/optional poly-
mer layer/gold (Au), as illustrated in Figure 4a. The optimized
polymer modification conditions are shown in Figure S14 (Sup-
porting Information). To clarify the uniformity of the polymer
modification of the quasi-2D perovskites, high-resolution trans-
mission electron microscopy (HRTEM) analysis was performed
on the quasi-2D TFTs, as shown in Figure 4b, and these re-
sults were consistent with the TFT device structure depicted
in Figure 4a. For a more detailed examination of the interface
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Figure 4. TFT structure and device performance characterization. a) Schematic of the quasi-2D perovskite [(PEA),FA¢Sn;l,,]-based TFT (quasi-2D
TFT) device structure. The device configuration consists of a top-contact bottom-gate system with Si (gate electrode)/SiO, (dielectric layer)/quasi-2D
perovskite (semiconductor layer)/optional polymer material/Au (source and drain electrodes). b) Cross-sectional HRTEM image of a quasi-2D TFT
with the TT polymer (concentration of 4.0 mg mL™"): Si/SiO,/quasi-2D perovskite/TT polymer/Au. c), HAADF-STEM image of the interface between
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between the quasi-2D perovskite and polymers, we analyzed
high-angle annular dark-field scanning TEM (HAADEF-STEM)
images of the red rectangular regions (Figure 4c) and performed
Sobel processing (Figure 4d; Figure S15, Supporting Informa-
tion), which is a digital image processing method used to de-
tect and identify boundaries in images.*”! The processed image
revealed that the polymer materials were uniformly distributed
between the perovskite and gold layers. Furthermore, to iden-
tify and cross-check the polymer materials, we performed sulfur
atom mapping via electron energy loss spectroscopy (EELS) in
the green region (Figure 4e). Sulfur atoms from the thiophene
unit of the TT polymer were observed on the top surface of the
perovskite. These TEM analyses indicated that the polymer mate-
rials were uniformly present on the top surface of the perovskite
material and did not interact with the bulk perovskite films, ef-
fectively agreeing with the XPS depth profile analysis.

The transfer curves of the optimized quasi-2D TFTs without
or with each polymer material are presented in Figure 4f—i. The
control device exhibited a typical quasi-2D TFT performance with
alpp of 7 cm?V-1s™! (average ppp ~6.45 +£0.53 cm?V~1s7!, Figure
S16, Supporting Information), an I, /I of 2.86 X 10°, and a
threshold voltage (Vi) difference of 13.2 V (Figure 4f). Com-
pared with the control device, as shown in Figure 4g-i and Figure
S16 (Supporting Information), all the polymer-modified devices
exhibited improved TFT performance: the p; values were 9
cm? V7! s71 for the device with PS, 27 cm?V~!s™! for that with
P3HT, and 53 cm?V~!s7! for that with TT; the average p; val-
ues were ~ approximately 8.83 + 0.36, 25.21 + 1.25, and 49.98
+ 2.45 cm?V~1s7! for the devices with PS,P3HT, and TT, respec-
tively. To our knowledge, the i value of the TT-modified quasi-
2D TFT was the highest among those of # = 7 quasi-2D TFTs
(Table S3, Supporting Information). To elucidate the TFT perfor-
mance enhancement effect, we calculated the trap state density
(Ntyp) using the subthreshold swing (SS) parameter obtained
from the TFT transfer curves (Figure 4f-i) (details are given in
the Methods section). The Ny, values for each quasi-2D TFT
were 0.96 x 102 (control), 0.80 x 102 (with PS), 0.50 x 10'?
(with P3HT), and 0.55 x 10'? (with TT) cm~2eV~!. These re-
sults indicated that the trap passivation effect of polymer mod-
ification contributed to the increased TFT performance with a
reduced Vqy; difference and hysteresis behavior. The hysteresis
index (h-index, Figure 4f—) values were 0.19 for the control de-
vice, 0.19 for the device with PS, 0.15 for the device with P3HT,
and 0.13 for the device with TT. These improvements were pri-
marily attributed to the passivation of the interfacial traps and
mitigation of ion migration within the perovskite semiconduc-
tor materials.[*®! Notably, the thiophene unit-containing polymer-
modified quasi-2D TFTs showed substantial p,; improvements
of approximately four times (with P3HT) and eight times (with
TT) compared with that of the control device. These performance-
boosting effects also effectively agreed with the corresponding
output curve characteristics (Figure 4j—m); the curves showed

www.afm-journal.de

good linearity at low drain-source voltage (V) values and cur-
rent saturation at high V¢ values.

These results suggest that our novel p-doping strategy involv-
ing molecular-level (Sn-S) interactions causes an increase in the
electronic properties of quasi-2D perovskites and a decrease in
the charge-carrier transport barrier at the interface between the
perovskite material and gold top electrode; moreover, our results
are supported by the decrease in the contact resistance from
~1000 Q cm (control and with PS) to 750 Qcm (with P3HT)
and 500 Qcm (with TT) (calculated via the transmission-line
method,[*! Figure S17, Supporting Information).

2.4. Device Operational Stability

To explore whether the surface impurity-mediated p-doping af-
fects the stability, we performed operational stability tests on the
quasi-2D TFTs without encapsulation under low-vacuum condi-
tions. As shown in Figure 5a, the consecutive on/off switching
characteristics of the control device showed an off-current de-
cay until 400 s. The TFT device with PS also exhibited a simi-
lar current decay phenomenon (Figure S18a, Supporting Infor-
mation), which originated from the numerous surface trap sites
in the quasi-2D perovskite. In contrast, the thiophene-containing
polymer-modified TFT samples (P3HT, Figure S18b, Supporting
Information; TT, green line in Figure 5a) had a superior con-
sistency in the on/off current states over 1000 cycles. In addi-
tion, we investigated the negative bias stress stability in terms of
the threshold voltage (Vyy;) shift while applying a constant gate-
source bias voltage (Vg = -40 V). The control device (Figure 5b)
and the device with PS (Figure S19a, Supporting Information)
showed a significant Vyy; shift even after the applied bias stress
was removed; however, the devices with P3HT (Figure S19b, Sup-
porting Information) and with TT (Figure 5c) had relatively neg-
ligible Vi, changes and rapidly recovered to their initial perfor-
mance within 100 s after the bias stress measurements. This re-
sult was mainly attributed to the reduced trap density of the quasi-
2D perovskites and enhanced carrier transport ability since the
Vg shift was strongly related to carrier trapping.!>'7->!

3. Conclusion

In summary, we introduced a novel surface impurity-mediated p-
doping strategy for quasi-2D tin perovskites to enhance their elec-
trical properties. In this study, the incorporation of electronic im-
purities, specifically thiophene-containing conjugated polymers,
onto the top surface of quasi-2D perovskites induced molecular-
level Sn-S interactions. This led to a shift in E; toward the VBM
and an increase in both the hole carrier density and the Hall
effect mobility. These polymer-modified quasi-2D perovskites
exhibited improved surface crystallinity, strain release, and re-
duced trap states. Additionally, the doped quasi-2D perovskites

the perovskite and TT polymer, and d) corresponding Sobel processed image. €), Sulfur atom mapping of a quasi-2D perovskite film (green region)
obtained by EELS, showing the sulfur atoms in the TT polymer (structure in the inset). TFT performance characterization in terms of the transfer f~i) and
output j-m) curves: control (black, fand j) and quasi-2D TFTs with PS (blue, g and k), P3HT (red, h and I), and TT (green, i and m). The drain-source

voltage (Vps) for transfer curve measurements of TFTs was —40 V, and the hysteresis index (h-index) of the transfer curve (f—i) was calculated as follows:
For

Rey
(Pror—rev = PrevFor) | (Pror—Rev + Prev—For)s where Pror—Rev = R/ |IDS(V)|dV and Prev—sFor = Ff |IDS(V)|dV .
ey or
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Figure 5. Operational stability tests of the quasi-2D TFT devices. a) Continuous on/off switching sweeps over 1000 cycles (Vs = +40 V) for quasi-2D
TFTs: control device (black) and device with TT (green). Negative-bias stress tests for various stress durations, and recovery behavior (circles) (Vg5 =

Vps = —40 V): b) control device and c) device with TT.

exhibited efficient charge carrier transport ability. With this novel
doping strategy, we successfully demonstrated efficient p-type
quasi-2D TFTs with a pg; of 53 cm?V~1s™!, an I /I 4 over 107,
and excellent operational stability. We anticipate that our findings
on the surface impurity-mediated p-doping of tin perovskites
will provide new insights for the further development of tin
perovskite-based optoelectronic device applications.

4. Experimental Section

Materials: ~ Poly[2,5-(2-octyldodecyl)—3,6-diketopyrrolopyrrole-alt-
5,5-(2,5-di(thien-2-yl)thieno [3,2-bjthiophene)], [DT-PDPP2T-TT (DPP2T,
1-Materials), TT], Poly(3-hexylthiophene) (P3HT, regio regular electronic
grade), and Polystyrene (PS, analytical standard for GPC 100 000) were
obtained from 1-Materials, Rieke Metals, and Sigma Aldrich, respectively.
Tin (I) iodide (Snl,) was purchased from Tokyo Chemical Industry

Adv. Funct. Mater. 2025, 35, 2411836 2411836 (9 of 11)

(TCl). Phenethylammonium iodide (PEAI, CgH1,IN) and formamidinium
iodide (FAI, CHsIN,) were purchased from Great Cell Solar. A solution
of the <n = 7> quasi-2D perovskite precursor, (PEA),(FA)¢Sn;l,,, was
prepared by adding PEAI:FAI:Snl, at a molar ratio of 0.2:0.6:0.7 to an
anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich)/dimethyl
sulfoxide (DMSO, Sigma-Aldrich) mixed solution (4:1 volume ratio) with
20 mmol (0.1 molar ratio of tin) tin (I1) fluoride (SnF,, Sigma Aldrich) to
suppress oxidization of the tin (I1) ions. All chemicals were used without
pretreatment.

Device Fabrication: The top-contact bottom-gate structured quasi-2D
perovskite-based thin film transistors (quasi-2D TFTs) were fabricated with
the following configuration: Si/SiO,/quasi-2D perovskite/optional poly-
mer material (PS, P3HT, or TT) /Au. To deposit the quasi-2D perovskite ma-
terials, UV-ozone-treated Si/SiO, substrates were transferred into an N,-
filled glove box. The quasi-2D perovskite layers were spin-cast at 5000 rpm
for 60 s on the SiO, substrates. During spin-casting (after 15 s), the quasi-
2D perovskite layer was treated with 150 L of chlorobenzene (CB, Sigma-
Aldrich) using the antisolvent treatment method. Subsequently, the quasi-
2D perovskite films were thermally annealed at 100 °C for 7 min. Afterward,

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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to fabricate the optional polymer layer, each polymer solution (various
concentrations in CB) was drop-cast on top of the quasi-2D perovskite
films at 4000 rpm for 30 s, followed by annealing at 100 °C for 1 min to re-
move the residual solvent. Finally, 70 nm-thick Au source-drain electrodes
were deposited using a thermal evaporation process under high-vacuum
conditions (1 x 107 Torr).

Characterization—Transient  Absorption Spectroscopy Measurements:
Femtosecond transient absorption (TA) spectra and decays were acquired
using a custom-made TA spectrometer consisting of a femtosecond
Ti:sapphire regenerative amplifier system (Hurricane, Spectra Physics)
and a multichannel spectrometer (Ocean FX and NIR Quest, Ocean
Insight). A pump pulse at 400 nm was generated with a power density
of ~1 yJ/cm? using an optical parametric amplifier (IR-OPA, Spectra-
Physics) and a neutral density filter, while a broadband white-light
continuum probe pulse was generated by focusing a small portion of
the 800 nm amplifier output into a sapphire window. TA signals as a
function of delay time were collected using an optical fiber coupled
with multichannel spectrometers from Ocean Insight (Ocean FX and
NIR Quest). More details on the custom-made TA system were given
in a previous publication.’2] The steady-state fluorescence spectra
were measured using a custom-made fluorescence spectrophotometer
(QE-Pro, Ocean Insight). The time-resolved fluorescence-decay profiles
were recorded using a time-correlated single photon counting (TCSPC)
system combined with a picosecond laser (LDH-P-C-470, PicoQuant),
a monochromator (SP-2150, Princeton Instruments), a multichannel
plate photomultiplier tube (R3809U-51, Hamamatsu), and a photon
counting module (SPC-130-EM, Becker & Hickl GmbH). The PL decay
time constants were obtained by fitting with a multiexponential function,
i.e., I(t) = Ajexp(—t/7;) + Ayexp(—t/z;), where I (t) is the time-dependent
PL intensity, A is the normalized amplitude, and 7 is the fitted PL lifetime.
The average decay times were obtained using (A177 + Ay 7,) /(A + Ay).

Characterization—PL Lifetime Mapping Measurements:  For PL lifetime
mapping, a time-resolved photoluminescence (TRPL) study was carried
out using a confocal microscope (MicroTime-200, Picoquant, Germany)
with a 40 X (air) objective. Lifetime measurements were performed at the
Korea Basic Science Institute (KBSI), Daegu Center, Korea. A single-mode
pulsed diode laser (470 nm with a pulse width of ~30 ps and an aver-
age power of ~100 nW operating at a 5 MHz repetition rate) was used
as an excitation source. A dichroic mirror (490 DCXR, AHF), a long-pass
filter (HQ500lp, AHF), a 100 pum pinhole, a bandpass filter (550 + 20, 650
+ 20, or 850 + 20 nm; Thorlabs), and a single photon avalanche diode
(PDM series, MPD) were used to collect emission from the samples. A
time-correlated single-photon counting system (PicoHarp-300, PicoQuant
GmbH, Germany) was used to count the emission photons. PL lifetime im-
ages consisting of 250 x 250 pixels were recorded using the time-tagged
time-resolved (TTTR) data acquisition method. Exponential function fit-
tings for the obtained PL decays were performed using Symphotime-64
software (Ver. 2.2). All samples for the photoluminescence analysis were
encapsulated by the cover glass with UV epoxy agents to suppress the ox-
idization of the tin-based perovskite materials.

Characterization—UV—vis Absorption and FT-IR Measurements: UV—
vis-NIR absorption spectra were obtained using a UV-vis-NIR spectropho-
tometer (Cary 5000 UV-vis-NIR, Agilent Technologies, Inc.). IR transmit-
tance spectra were collected with an FT-IR spectrometer (VERTEX 70,
Bruker Co., Ltd.) using a zinc selenide (ZnSe) substrate under a N,
atmosphere.

Characterization—Thin Film Characterization: High-resolution graz-
ing angle X-ray diffraction (GIXRD) patterns were collected using a Smart-
Lab diffractometer (Rigaku). Photoelectron spectroscopy was carried out
using a NEXSA system (Thermo Fisher Scientific) with He (I) radiation
(21.22 eV) and Al Ka radiation for the UPS and XPS measurements, re-
spectively. The GIXRD and photoelectron spectroscopy samples were an-
alyzed using their respective sample holders (Rigaku, Thermo Fisher Sci-
entific) under protective atmospheres to prevent oxygen from affecting the
perovskite materials. SEM and HAADF-STEM images were captured with
a Regulus 8100 (Hitachi High-Tech Group) and a JEM-ARM300F2 (JEOL,
USA), respectively, under high vacuum conditions. These thin-film charac-
terizations were performed at the GIST Advanced Institute of Instrumental
Analysis (GAIA).
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Characterization—AFM and Hall Effect Measurements: AFM analysis
of the perovskite film was performed using an XE-100 microscope (Park
System, South Korea). An HL5500PC instrument (Accent Optical Tech-
nologies, USA) was used for Hall effect measurements. The samples used
for the Hall effect measurements were prepared with the following struc-
ture: glass substrate/perovskite/gold electrode as the contact electrode.

Characterization—Electrical Measurements:  The current—voltage (I--V)
characteristics of the quasi-2D TFTs were measured using a Keithley 4200
source meter under low vacuum conditions (1 x 1072 Torr). The field-
effect mobility (ugg)of the quasi-2D TFTs was calculated using the follow-
ing equation: g = (2L/WG;)(94/Ips/dVs)?, where Ipg and Vs are the
drain-source current and gate-source voltage, respectively; Lis the channel
length (100 um); W is the channel width (1000 pm); and C; is the capac-
itance per unit area of the gate dielectric layer (C; = 11.5 nF-cm™2 for a
SiO, dielectric layer with a thickness of 300 nm). The subthreshold swing
(SS) was obtained from the inverse of the maximum slope of the Ips-Vs
plot. The trap density (N,,,) of the quasi-2D TFTs was calculated using the
formula Ny, = [SSqlog (€)/kT — 1](C;/q), where g and k are the charges
of the electron and the Boltzmann constant, respectively, and e is the base
of the natural logarithm.[17]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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