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ABSTRACT

Despite impressive progress on metal halide
perovskites (MHP) based optoelectronic devices, little
research has been done for applying them as a
semiconducting layer for thin-film transistors (TFTs).
Herein, we introduce various engineering to modulate the
excessive hole concentrations in three-dimensional Sn?*-
based halide perovskite film. Optimized CsSnls TFTs
channel exhibit ultrahigh hole mobilities of 80 cm?V-'s™
and impressive current on/off ratios exceeding 108 with

improved  reproducibility and operational  stability.
Introduction
1. Introduction

Over the past two decades, metal oxide

semiconductor-based thin-film transistor (TFT) technology
has attracted considerable research interest and great
success. Compared with silicon-based and organic
materials, metal oxides possess good transparency and
balanced electrical performance, mechanical stress
tolerance, and spatial uniformity, providing balanced
suitability in many aspects. However, all commercially
available oxide semiconductors are n-type (electron
transporting), with few p-type (hole transporting)
counterparts reported (e.g., CuxO, SnO, and NiO). The
next attention has focused on the development of high-
performance p-type semiconductors with comparable TFT
properties to their n-type counterparts.

The lead (Pb)-based halide perovskite
semiconductors have achieved enormous success in the
photovoltaics community and show promising p-type
charge transport. Nevertheless, Pb toxicity threatens the
ecosystem and human health and greatly hinders the
market commercialization prospect. Therefore, the pursuit
of environmental-friendly alternatives is needed.'* Among
these metals, Tin (Sn) is by far the most promising
candidate due to its similar or even superior optoelectronic
characteristics, e.g., higher hole mobility and lower
bandgap.®? Unfortunately, due to the low formation energy
of the Sn vacancy (Vsn) and easy oxidation of Sn?*, Sn?*-
based perovskite films generally suffer from poor stability
and unintentional self p-doping effect with high background
hole concentrations of > 10" cm3. Meanwhile, the
uncontrollable fast crystallization behaviour results in
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uneven and poor-quality perovskite films. This fast
crystallization detrimentally influences the optoelectronic
property of Sn?*-based perovskites and the ensuring
device performance and reproducibility. A wide range of
strategies has been explored to address these
drawbacks, including additive engineering, crystallization
regulation, ion substitution, and dimensionality
modulation.810-17

The most popular technique nowadays is the addition
of tin fluoride (SnF2), which has become an
indispensable additive in the Sn2*-based perovskite
precursors for high-performance devices.'®?? Although
its working mechanism has not yet been clarified exactly,
the experiment results demonstrated its beneficial roles
in suppressing excessive hole density, alleviating the
Sn?t oxidation, and improving the film
crystallinity/uniformity. This process, however, generally
needs the addition of a relatively large amount of SnF2
(>10 mol%) in the precursors. Due to its poor solubility,
excessive SnF2 was found to easily aggregate with the
poor morphology and create deep-level traps, which
seriously deteriorated the device performance.?>?* This
means that the SnF2 ratio in the precursor should be kept
low because the background hole density of the
deposited Sn?*-based perovskite films is still too high to
be applied as a semiconducting layer in various electrical
and optoelectric devices. Therefore, it is highly desirable
to develop alternative co-additives/strategies to
suppress the excessive hole density of Sn?*-based
perovskites and improve the device performance.

The Sn?*-based perovskites are highly suitable for
the high-mobility p-channel transistors, especially
considering the lack of satisfying p-type semiconductors
in the current electronics community.?>28 In addition, a
transistor is useful as a platform to investigate the
correlation between materials and charge transport
properties of emerging perovskite semiconductors.17:29-34
We recently reported the high-performance inorganic
perovskite TFTs based on SnF2 modified CsSnls-based
channel layers, delivering record field-effect hole mobility
(ure) of ~50 cm? V-' s' and on/off current ratio (lon//of)
over 1083 However, these high-mobility devices
operated in a slight depletion-mode (D-mode) with
positive threshold voltages (VrH) of 12-24 V. This is due
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to relatively high hole concentrations in the perovskite
channels, and thus large gate voltages are needed to turn
off the device. It is undesired for the practical application
because of the complicated circuit design and increased
power consumption.?® Although the increase of SnF2
content to 15 mol% could achieve the enhancement-mode
(E-mode) operated TFTs, but the TFT pre are seriously
degraded due to the notable SnF2 phase segregation and
the enhanced impurity scattering.

2. Result

Herein we introduce a few different methods to
suppress hole concentration to achieve high performance
Sn based halide perovskite TFTs. First, we develop new
additive. The only 4 mol% new additive achieved a
similarly low hole concentration of ~10™ cm™ to the
CsSnls-based perovskite films doped with 15 mol% SnF-.
To employ the new additive in high-performance
perovskite TFTs, the optimized CsSnls TFTs exhibited high
pre of 65 cm? V' s, high lon/lot over 108, as well as the
improved operational stability. Second we develop
replacement of halide atom to a specific pseudo halide to
reduce hole concentration.

3. Experiment

Preparation of precursor solutions. All chemicals were
purchased from Sigma-Aldrich and used directly. The
preparation details for SnF2 and CsSnls-based precursor
solutions can be found in our recent report. The new
additive solution (0.015M) was prepared by dissolving new
additive powder (99.8%) in DMF and followed by the room
temperature stirring overnight. The new additive solution
was then added to the CsSnls-based precursors with
different molar ratios (with respect to Snl2 and Pblz2) and
then followed by the 50 °C stirring for 20 min to obtain the
solutions for the film/device fabrication. All precursor
preparations were carried out in an N2-filled glove box.

Thin-film fabrication and characterization. The film
characterization samples were deposited by spin-coating
the precursors on different substrates at 5,000 rpm
followed by thermal annealing at 100 °C for 5 min in an N2-
filled glove box. The film crystal textures were analyzed
using XRD with CuKa radiation (Bruker D8 ADVANCE) on
glass. The film SEM images were measured using a JSM
7800F on SiO2. The film optical absorption spectra were
recorded using a UV-visible spectrophotometer (JASCO
V-770). The film XPS analysis was performed using PHI
5000 VersaProbe (Ulvac-PHI, Japan). The fiim Hall
measurements were performed using the van der Pauw
method with a 0.51T magnet in an Nz-filled glove box at
room temperature (approximately 20 °C).

Device fabrication and measurement. Bottom-gate, top-
contact TFTs were fabricated on the heavily doped Si
substrates with 100-nm thermally grown SiO2 in an N2-
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filled glove box. The CsSnls-based channel layers with
different dopants were deposited following the above film
coating process. The Au source and drain electrodes (40
nm) were deposited on CsSnls-based channel layers to
construct the device using a thermal evaporator placed
in an Nz-filled glove box. The mask channel length/width
was 150/1000 um. All the TFTs were characterized at
room temperature in the dark and N2-filled glove box
using a Keithley 4200-SCS. The pre of the TFTs was
calculated in the saturation region from the forward
transfer curves using equation (1):

21 (8Ips z
HrE = W_Ci(aVGS> (1)

where L, W, and Ci are the channel length and width, and
the dielectric areal capacitance (34 nF/cm?), respectively.
VrH was estimated by linearly fitting /os'2 with respect to
Vis. The SS is the inverse of the maximum slope of the
Ips-Vas plot.

4. Conclusions

In conclusion, we have demonstrated a new additive as
a more efficient hole suppressor compared with the
conventional SnF2 for the reduction of the excessive hole
concentration in 3D Sn2?*-based halide perovskites. The
strong hole suppression capability enables the small
amount of SnF2 feeding in the precursor, eliminating the
negative effects of a single SnF2. To achieve high-
mobility Sn?*-based perovskite TFTs, we further develop
a new additive/SnF2 co-doping approach and probe the
key roles of SnF2 as the crystallization promoter and the
new additive as the hole suppressor. The optimized
devices exhibit high pre of 65 cm? V-' s, high lon/loff OVer
108, and improved operational stability. We expect this
efficient hole suppressor, and the novel co-additive
approach can provide new opportunities to achieve high-
efficiency Sn?*-based perovskite optoelectronic devices.
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