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The engineering of tin halide perovskites has led to the development of p-type transistors with
field-effect mobilities of over 70 cm? V-1 st However, due to their background hole doping,
these perovskites are not suitable for n-type transistors. Ambipolar lead halide perovskites are
potential candidates, but their defective nature limits electron mobilities to around 3-4 cm? V!
s1, which makes the development all-perovskite logical circuits challenging. Here, we report
formamidinium lead iodide perovskite n-type transistors with field-effect mobilities of up to 33
cm? V-1st measured in continuous bias mode. This is achieved through strain relaxation of the
perovskite lattice using a methyl ammonium chloride additive, followed by suppression of
undercoordinated lead through tetramethyl ammonium fluoride multidentate anchoring. Our
approach stabilizes the alpha phase, balances strain, and improves surface morphology,
crystallinity, and orientation. It also enables low-defect perovskite—dielectric interfaces. We use

the transistors to fabricate unipolar inverters and eleven-stage ring oscillators.

Main

Metal halide perovskites are a class of semiconductors suitable for use in cost-effective thin-film
transistors (TFTs)}'%. Recent efforts to optimize tin (Sn) halide perovskites using halide anion
engineering**!%, morphology and crystallinity manipulation'®, and A-site cation engineering'’, have
led to p-type transistors with field-effect hole mobilities (un) of over 70 cm? Vs, However,
perovskite channels based on tin are not suitable for n-type TFTs due to their high background hole
doping®%®. Lead halide perovskites have ambipolar charge transport properties®®, and are thus more
suitable for n-type transistors. However, ionic defects, especially undercoordinated lead present at
the film surface and grain boundaries, act as charge carrier traps limiting electron mobilities (pe) t0
3-4 cm? Vs They also screen the applied gate potential causing severe hysteresis. Therefore, most
perovskite TFTs are measured in an electrically pulsed mode with prior poling*®. These defective
sites also initiate perovskite hydrolysis further compromising the performance and stability of the
fabricated devices?>?. To build complementary logical circuits, the development of n-type
perovskite TFTs with performance comparable to their p-counterparts is required.

The cubic a-phase of formamidinium lead triiodide (a-FAPbI3) has been shown to be a
promising perovskite semiconductor for photovoltaics?#%. With a low electron effective mass of
~0.2, the perovskite is also suitable for n-type TFTs?®. However, due to the slightly overlarge ionic
radius of FA™ cation, FAPbIs exhibits a strained lattice at room temperature that drives phase

transformation into a defective delta (8)-phase®*. Several strategies that use doping or additive
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engineering, including the use of a methylammonium chloride (MACI) additive®*?°, have led to
successful photovoltaic performance of FAPbIz?>27,

In this Article, we show that a MACI additive approach can be used to regulate strain and
stabilize the a-phase of FAPDbIs, while also improving the perovskite film morphology and
crystallinity/orientation. We also find that the critical perovskite—dielectric interface still has a large
amount of undercoordinated lead cations, resulting in poor transistor performance. To overcome this,
we use tetramethylammonium hexaflurophosphate (TMA-PFs) multidentate anchoring that decreases
undesirable trap density at the surface, bulk and the perovskite—dielectric interface. The resulting
perovskite can be used as a n-channel material for top-contact bottom-gate (TCBG) TFTs using
molybdenum (Mo) gate electrodes. The transistors exhibit representative electron mobilities of
25.15ecm?V?! st (up to 33 cm? V! s upon further optimization) and 18 cm? V! st when
embedding hafnium dioxide (HfO2) and silicon dioxide (SiO2) gate dielectrics, respectively
(measured in continuous mode, at room temperature in the dark)®. The devices also exhibit
negligible hysteresis and high operational stability under negative and positive bias stress for
150,000 seconds. We use our optimized transistors to fabricate all-perovskite unipolar inverters and

11-stage ring oscillators

Strain relaxation

To suppress lattice strain and stabilize the a-phase of FAPbIs, we inserted MACI additive into the
perovskite precursor in an optimized molar ratio of 35%. The precursor was next diluted with
tetrahydrofuran (THF) to adjust the channel thickness to around 40-50 nm (Supplementary Fig. 1a-d).
MACI additive substantially improves the film morphology as evidenced by the top-view scanning
electron microscopy (SEM) images shown in Fig. 1a-d and Supplementary Fig.1le. Films spin-coated
from 35% MACI (termed hereafter as a-FAPbI3) added solutions exhibit the best morphology. THF
dilution and TMA-PFs surface treatment preserve the improved film morphology. Moreover, MACI-
additive induces better crystallinity (which is again preserved upon THF dilution and TMA-PFs
surface treatment) (Fig. 1b and Supplementary Fig. 1f). The X-ray diffraction (XRD) patterns of all
MACI-added films exhibit two dominant peaks at around 14° and 28°, which are assigned to (001)
and (002) crystal planes of the a-FAPbI3 phase?. On the contrary, pristine FAPbIs is dominated by
the Pbl2 peak at 12.5° (which is a degradation by-product induced by perovskite hydrolysis®®) and the
d-phase appeared at 11.6°. A slight shift of 0.01° in the (001) plane peak position upon the addition
of MACI is observed, which indicates a small reduction to inter-planar spacing (from 0.632274 to
0.631826 nm, Supplementary Table 1). This can be due to partial replacement of FA™ (ionic radius
0.19-0.22 nm) with the smaller MA* (0.18 nm)3!, in accordance to previous reports®2. The inter-
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planar spacing further decreases with THF dilution (0.63138 nm) and TMA-PFs treatment (0.63093
nm). MACI additive also increases the perovskite crystallite size (from around 41 nm to 74 nm,
Supplementary Table 1), which is further increased (to 80 nm) upon dilution with THF (in an
optimized ratio of 1:3 %v/v to adjust the perovskite thickness to 50 nm). These results show that
MACI addition suppresses the perovskite transformation into the yellow 3-phase while also alleviates
perovskite hydrolysis to Pbl2.

In addition to stabilizing a-FAPbIs phase, crystal orientation is also vital as it dictates charge
transport within the perovskite channel. We carried out grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements to determine the crystal orientations of the four different types
of FAPDI3 perovskite films. Representative results of the 2D GIWAXSs patterns are shown in Fig. 1f-i,
whereas the corresponding in-plane (IP) and out-of-plane (OOP) 1D line-cut profiles are shown in
Supplementary Fig. 2. The pattern of the pristine FAPbIs film exhibits apparent diffraction rings (Fig.
1f), a strong indication that the crystal structure is randomly orientated within the film. In stark
contrast, with the addition of MACI in the perovskite precursor the prepared films (without and with
THEF dilution) reveal discrete and sharp Bragg spots (Fig. 1g,h), suggesting a high degree of vertical
orientation of the inorganic frameworks with respect to the substrate. A similar GIWAXS pattern is
obtained in the case of TMA-PFs treated film, indicating that the perovskite film morphology,
crystallinity and orientation are mainly benefited by the addition of MACI. These improvements are
consistent with the enhancement in steady-state photoluminescence (PL) and longer carrier lifetime
estimated by the transient PL (TRPL) decay curves of different FAPbIs films (Supplementary Fig. 3
and Supplementary Table 2). Notably, TMA-PFs post-treatment further enhances the PL signal and
carrier lifetime. The TRPL decay curves of such films show distinct mono-exponential decay, which
is indicative of effective defect passivation®,

To explore the interactions between different species (i.e., precursors, additive and surface
modifier) in the different perovskite formulations, we first conducted nuclear magnetic resonance
(NMR) experiments in liquid phases where freely moving molecules closely approach one another.
Proton NMR (*H-NMR) spectra of FAI in DMSO-ds show two sharp closely packed peaks at ~8.88
ppm originating from the FA’s amine group (Fig. 2a,b and Supplementary Fig. 4). Upon MACI
addition, these sharp peaks disappear and a broad peak appears at 8.6 ppm, which progressively
shifts towards higher fields (lower chemical shift) upon gradual addition of MACI up to a molar ratio
of 1:2. We ascribe this peak to the overlap of the resonance signals from NHz, NH2* (FAI), and NHs*
(MACI), shifting towards higher and lower fields, respectively®®. This suggests that the electron
density around the hydrogen atoms of MA™ decreases (whereas electron density around FA™
increases) in the FAI:MACI blend, indicating hydrogen-bonding between MA and FA cations.
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Besides their up-field shift, NH2 and NH2" proton peaks significantly decrease in intensity which
suggests partial substitution of FA™ sites with MA™. Fourier transform infrared (FTIR) spectra of
FAI:MACI and FAPbI3:MACI films show shifts of the N-H vibration bands of FA" (i.e., the 5(NH2)
band at ~1700 cm™) towards lower wavenumber (Supplementary Fig. 5), indicating coordination
bonding (i.e., hydrogen bonding) between FA* and MA™ species. However, the resonance signal of
NHs" in MA cation is shifted towards the lower field after interacting with Pblz, indicating an
increase in electron density (deshielding effect). This can be due to interaction of MA™ with I, which
is less electronegative compared to CI". Strong interaction between Pbl2 and MACI is also concluded
by the suppression of most of the FTIR modes in the mixed film. These NMR and FTIR studies
suggest partial substitution of FA* sites with MA™ and extended coordination (i.e., hydrogen bonding)
between FA* and MA™ present in the perovskite lattice. Additionally, the resonance signals of F in
F NMR and of protons in *H NMR of TMA-PFs exhibit pronounced shifts upon the interaction
with FAI, Pbl2 and MACI, indicating extended hydrogen (i.e., TMA™...FA", F...FA*, TMA*...MA"
and F...MA") and halogen (F 1) bonding coordination (Fig. 2c,d and Supplementary Figs 6,7). The
significant suppression of the FTIR spectrum of Pbl2:TMA-PFs blend film is indicative of strong

Lewis acid-base interaction between Pb and F ionic species (Supplementary Fig. 8).

Structural defect passivation

To further explore the benefits of MACI additive and TMA-PFs treatment, we performed X-ray and
ultra-violet photoelectron spectroscopy (XPS/UPS) studies on pristine, MACI-added (without and
with THF dilution) and TMA-PFes treated FAPDI3 films. Figure 2e shows the Pb 4f XPS peaks of the
different FAPDIs films. Regarding the pristine perovskite, a large amount of undercoordinated Pb*?
can be concluded from the large shift of the core level peaks towards lower binding energies (BES)
(the oxidation state & of such species can be & <+2 as they do not bond with electronegative halides)
%, When adding MACI into the precursor, the Pb 4f peaks shift toward higher BEs, which
correspond to +2 oxidation state. This shift can be due to their coordination with electronegative ions
(such as CI) through Lewis acid-base (Pb?*-CI") interactions. It implies more well-coordinated Pb
sublattices and a lower density of structural imperfections (i.e., grain boundaries) in the o-FAPbIs.
Similarly, | 3d core level peaks of MACI-added films are shifted towards higher BEs (i.e., higher
oxidation state) compared to pristine one (Fig. 2f). In the ideal perovskite lattice, the theoretical 1/Pb
stoichiometric value should be close to 3, whereas in Pbl2 is close to 2%, The increase in oxidation
state of I" in a-FAPDIs indicates reduced Pbl> formation. Notably, Pb 4f and | 3d depth XPS
measurements taken in pristine FAPbIs (Supplementary Fig. 9) show very small shifts towards
higher BEs when move away from the perovskite surface. This is indicative of the presence of
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significant amount of undercoordinated Pb®* inside the bulk material (besides the surface), highly
compromising the TFT performance. MACI addition suppresses the amount of all these species,
which is in agreement to a small work-function (W) increase for the optimized T-FAPbIlz sample®®
(Supplementary Fig. 10).

However, Pb 4f depth XPS measurements taken in the MACI-added samples (Supplementary
Fig. 11a) show a significant shift towards lower BEs (+6 oxidation state) an indication for remaining
undrcoordinated Pb in the bottom of the bulk perovskite. The origin for such XPS peaks shift is not
well understood but it could imply that MACI additive spontaneously enriches the top side of the
perovskite film3®. This is further corroborated by the decrease in the intensity of the CI 2p XPS signal
of the same film when move from the surface towards the bottom (Supplementary Fig. 11b). As a
result, detrimental undercoordinated Pb is still present at the perovskite/dielectric interface, hence
negatively affecting the TFT performance. When treating the a-FAPbIs film with TMA-PFs, both Pb
4f and | 3d XPS peaks shift towards lower BEs, indicating an interaction with electronegative species
(such as F’). Notably, depth XPS measurements reveal that F anions are nearly homogeneously
incorporated into the bulk and surface of the perovskite material (Supplementary Fig. 11c). No sign
of F~ was found in the pristine perovskite (Supplementary Fig. 9b, inset). Moreover, | 3d and Pb 4f
depth XPS peaks do not shift from the surface towards the film bottom; an indication of
homogeneous composition throughout the bulk and surface (Supplementary Fig. 11d and inset). Our
findings, which suggest strain relaxation via MA™ substitution and multidentate anchoring through
hydrogen, halogen and Lewis acid-base interactions, are illustrated in Fig. 2g and Supplementary Fig.
11e. Notably, density functional theory (DFT) simulations strongly support these findings. They
indicate that TMA-PFs is coordinated to the perovskite bulk and surface through an extended
network of halogen (F...I' and F"...CI") and hydrogen (between F and H of polar NH2, NH2" (FAI)
and NHs* (MACI)) bonds and also Pb**F bonds**#? (Fig. 2h,i, Supplementary note 1,
Supplementary Figs 12-14 and Supplementary Tables 3-6).

Performance of n-channel a-FAPbDI3 transistors

We next applied our optimized T-FAPbI3 perovskite as the channel material in transistors with the
BGTC architecture (Fig. 3a), and with channel length (L) of 10 um and width (W) of 50 um (Fig. 3b).
The transistors use a molybdenum (Mo) gate electrode deposited onto glass substrate and then
patterned through photolithography, a spin-coated hafnium oxide (HfO2, ~40 nm in thickness) gate
dielectric, a ~40 nm perovskite channel spin-coated onto HfO2 and post-treated with TMA-PFs (with
x% w/w in CB, where x = 0,1,2 and 4) followed by gold (Au) source (S) and drain (D) contacts using
electron beam evaporation through a shadow mask (more details are included in Methods). We
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measured a stable capacitance of ~386 nF cm? in Mo/HfO2/Au metal-insulator-metal (MIM)
structures. The capacitance remained nearly unaffected when the MIM structures were dipped into
the DMF:DMSO (4:1) solvent for 120 min (Supplementary Fig. 16), an indication that the gate
dielectric is not affected by the spin-coating of the perovskite channel.

The transistors were measured in a continuous mode inside a nitrogen filled glove box, in the
dark at room temperature (Supplementary Video 1 and 2). Best performance was obtained when
treating the perovskite surface with 2% w/w TMA-PFs solutions (Fig. 3c, Supplementary Fig. 17).
The corresponding performance parameters of these TFTs, in particular, the electron mobilities,
current on/off ratios, threshold voltages (Vtn) and subthreshold swing (SS) (calculated using eq. (1)
and (2) in Methods), are summarized in Supplementary Table 7. Representative T-FAPbIs TFTs
demonstrate a record high pe up to 25.15 cm? V! s (Fig. 3c), a lon/lorf ratio of 107, a V1w of 1.84 V
and a SS of 240 mV dec!. The T-FAPbIz transistors present remarkable reproducibility
(Supplementary Fig. 18), ultra-low leakage current and zero hysteresis as indicated by the good
matching of transfer and output characteristics recorded under forward and reverse scan (FS/RS) (Fig.
3d,e). Additionally, they show low operation voltage combined with a transconductance (gm, which is
the main transistor parameter that governs signal amplification) of up to 35 mS mm* (Fig. 3f,g).
Although extremely high transconductance above 500 mS mm™ has been reported for n-channel Si
MOSFETs*, the value reported herein is comparable with best performing solution-processed
organic electrochemical transistors*. The TFT Nwap Was also calculated for a-FAPbIs and T-FAPbI3
channels. Using eq. (3) in Methods, an interface trap density of Nit of 8.7 x 10! cm? eV! was
calculated for T-FAPbIs transistor, which is half of that found for the 1.64 x 102 cm™ eV of -
FAPDIs TFT. This is indicative of the enhanced overall quality of the perovskite/HfO2 interface in
the TMA-PFs treated transistor as a result of the reduced density of undercoordinated Pb present at
the perovskite/HfO: interface®.

Furthermore, we assessed the stability of the optimized perovskite TFTs, which is important
for their practical use. To avoid the oxygen-induced aging of our devices, the stability tests were
carried out inside nitrogen filled glove box. During the stability study, their electrical properties were
continuously measured for 150ks (nearly 42 hours) upon the application of positive bias stress (PBS).
Fig. 3h shows the corresponding transfer curves with a positive threshold voltage (Vtr) shift whereas
Fig. 3i shows the shift of normalized drain current of the transistor after a constant bias stress with a
Vesof +5 V for 150ks. It is observed that for the first 90ks (about 25 hours), the transistor maintains
nearly 80% of its initial current with only a 0.45 increase in VtH. The transistor is even more stable
under negative bias stress (NBS). Fig. 3j shows the evolution of the transfer curve under the NBS
with a Ves of -5 V for 150ks. The negligible threshold voltage shift (AVtH) and no sign of
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deterioration of the perovskite TFT under NBS indicate few defects in the bulk and surface of the
channel layer and no screening of the applied gate potential. Moreover, the on/off switching
characteristics of the optimized TFTs showed a constant current response with clear on and off states
for 5000 cycles (Supplementary Fig. 19), satisfying the requirement as a switching unit, which is a
critical figure of merit for applications*.

Such remarkable stability and high electron mobility are the results of our strain relaxation
and multidentate anchoring approach that benefits the perovskite microstructure and “cleans” the
bulk and surface from undesired structural defects. Notably, a champion electron mobility of 33 cm?
V-1 st was obtained upon further process optimization (application of a short post-annealing at 50 °C,
2 min after the deposition of the TMA-PFs, Fig. 3k,I and Supplementary Fig. 20). Our results
indicate the crucial role of optimizing the perovskite channel in terms of lattice relaxation and
passivation of structural imperfections to the achievement of record performance in perovskite
transistors (Supplementary Table 8). We also fabricated n-type transistors using traditional Si/SiO2
wafer gate/gate dielectric substrates. Despite the low dielectric constant of SiO2 (3.9 compared to 25
of HfO2), we achieved a pe of 18 cm? V! s with an lon/lof current of 108 (Supplementary Fig. 21),

demonstrating the universality of our approach.

Fabrication of all-perovskite logic circuits

We next fabricated circuits with the optimized T-FAPbIs n-channel transistors to demonstrate their
potential for use in logic electronics. For these circuits, we used Mo bottom gate, solution processed
HfO: as the dielectric layer, perovskite channels and Au S/D electrodes. All individual TFTs were of
the same channel length (10 um) and width (50 um). An integrated circuit consisted of 326 n-channel
perovskite TFTs, 40 unipolar inverters and 10 ring oscillators (RO) (Supplementary Fig. 22). An
inverter circuit is a basic logic element that produces an output logic level opposite to its input logic
level. Optical images of the unipolar inverter both in low and high magnification, along with the
equivalent electronic circuit are presented in Fig. 4a and Fig. 4b, respectively. These unipolar
inverter consists of two n-channel perovskite TFTs for both load and drive-TFT devices. Load-TFT
operates as a resistor whereas drive-TFT can be controlled from the OFF to ON state so that input
and output can be inverted. The gate electrode connects to the drain electrode of the load-TFT, which
operates in the saturation region.

When the drive-TFT is in the cut-off (for a low input voltage, Vin), no current flows in the
circuit and the load-TFT pulls the output voltage (Vour) toward the supply voltage (Vob). We
achieved rectangular-shaped voltage-transfer characteristics of the n-type unipolar inverter measured
at room temperature under Voo from 0 to 4V and Vin ranging from -2 to +2 V (Fig. 4c). The
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magnitude of the Vour obtained from the inverter is found to be the same as Vop, as expected for
low Vin as the drive TFT operates in the cut-off region. From the negative slope (—0Vout/—0Vin) of
the voltage transfer characteristics we calculated the gain value of 16.76 for a Voo of 4 V (Fig. 4d
and Supplementary Table 9).

Ring oscillators were also fabricated using n-channel perovskite TFTs. Fig. 4e an optical
image (along with a zoom in) of the 11-stage ROs fabricated to identify how fast all-perovskite TFTs
could work in an integrated circuit. The output of each inverter is connected to the input of the next
one except for the 11th stage inverter, which feeds back the input of the first inverter in the RO,
resulting in oscillations in the circuit. It is noticed that the oscillation frequency increases as a
function of the supply voltage (Fig. 4f). The inset in Fig. 4f presents the output sinusoidal waveform
obtained from the RO upon the application of a supply voltage Vob of 4V and oscillation frequency
of 78.5 kHz. Furthermore, the corresponding propagation delay per stage was found 581.2 ns at a
Vop of 4 V. These results suggest that perovskite TFT is a viable replacement for conventional
electronics in logic circuit applications.

Conclusions

We have reported high-performance n-channel perovskite TFTs based on the stabilized alpha phase
of the FAPbIs perovskite semiconductor. Through the application of a combined strain relaxation and
multidentate anchoring approach, we modify the perovskite film morphology/crystallinity, while
cleaning the bulk and surface from undesired defects, such as undercoordinated Pb. The optimized
TFTs using solution-processed HfO2 gate dielectrics show average field-effect electron mobilities of
25.15 cm? V!'s7! and maximum field-effect electron mobilities of 33 cm? V's™!, with no hysteresis
and high stability under positive and negative bias stresses for 150,000 seconds. Our n-type
transistors were used to create all-perovskite circuits in the form of unipolar inverters and 11-stage
ring oscillators. The results could lead to the development of high-performance integrated circuits

based on low-cost all-solution processes.

Methods

Materials

N,N-dimethylformamide (DMF, anhydrous 99.8%, Aldrich), dimethyl sulfoxide (DMSO, anhydrous
>99.5%, Aldrich), 2-methoxy ethanol (2ME anhydrous, 99.8%, Aldrich), formamidine acetate salt
(99%, Alfa Aesar), hydroiodic acid (HI, 57 wt% in water, Aldrich), lead iodide (Pbl2 99.99% Pblz,
TCI), methylammonium chloride (MACI, 98%, Acros Organics), tetramethylammonium
hexafluorophosphate (TMA-PFs, 98%, Aladdin), diethyl ether (DE extra pure grade, Duksan),
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tetrahydrofuran (THF, anhydrous 99.9% Aldrich), chlorobenzene (CB, anhydrous, 99.8%, Aldrich),
Au (99.999%, Kurt J. Lesker). All chemicals were used without any further purification process.
Preparation of precursor solutions

For the fabrication of the perovskite layer, the process was performed in at controlled environment
(temperature of 20 °C inside a nitrogen-filled glove box). FAI was prepared by mixing 25 g
formamidine acetate with 50 ml hydroiodic acid in a 500 ml round-bottomed flask with vigorous
stirring. A yellowish powder was obtained by evaporating the solvent at 80 °C for 1 h in a vacuum
evaporator. The powder was dissolved in ethanol and precipitated using diethyl ether. This step was
repeated three times until white powder was obtained, which was recrystallized from ethanol and
diethyl ether in a refrigerator. After recrystallization, the resulting powders were collected and dried
at 60 °C for 24 h. FAPDbIs precursor solution was prepared by mixing 368.8 mg Pblz with 137.58 mg
FAI in 1mL of DMF:DMSO (4:1). The solution was stirred for 1 h to 70 °C. For FAPbIs:MACIx%,
MACI was added in the range 0-55 mol% (i.e., for FAPbIs:MACI35%, 37 mg of MACI were added
in 1 mL of FAPbIs) and the derived solution was stirred for 10 min without heating. For THF
dilution, the solution was mixed with x % per volume THF i.e., add 300 uL THF into 100 pL

perovskite solution for 1:3%vV/v dilution, followed by stirring without heating.

Device fabrication

Typical bottom gate top contact devices were fabricated on glass substrates using HfO: as the gate
dielectric. The substrates were first cleaned sequentially with acetone, ethanol and isopropyl alcohol
(IPA) in an ultrasonic system for 15 min. First, a 40 nm Mo layer was sputtered on the substrate and
lithographically patterned to form the gate electrode. The gate dielectric was deposited from a 0.2 M
HfO: precursor solution prepared by dissolving hafnium chloride (HfCl4) in 2 methoxy ethanol. The
precursor solution was stirred in an Nz atmosphere for two hours and filtered using a 0.45 pum
poly(tetrafluoroethylene) (PTFE) syringe filter before being used. HfO2 was deposited by spin-
coating 50 ul of the solution at 3500 rpm for 30 s. After spin-coating, the film was cured at 200 °C
on a hot plate for 5 min and then ozone treated for 10 min using a high-pressure mercury UV lamp
while the sample was kept at 100 °C. Finally, the thin films were annealed at 300°C for two more
hours in an air furnace. Prior perovskite deposition, contact holes were made by dry etching and
patterned it to form “banks” for the perovskite semiconductor. For the perovskite channel preparation,
70 uL of the THF diluted (1:3 %v/v) FAPbIs:MACI35% precursor solution was spread over the
HfO: layer at 6000 rpm for 50 s with 0.1 s ramping. Prior to that, the HfO2 substrate was treated with
UV ozone for 30 min. During the spin-coating, antisolvent treatment was applied by dripping 1mL

DE after spinning for 10 s. The perovskite film was then dried on a hot plate at 150 °C for 10 min.
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For surface treatment, 50 uL of TMA-PFs (2 % w/w in CB) was spin-coated onto the perovskite film
at 5000 rpm for 30 s with no thermal annealing. The S/D Au electrodes were next deposited through
a shadow mask under a high vacuum (1077 torr) using a thermal evaporator placed in a Na-filled
glove box. The channel width and length of all TFTs were fixed at 10 and 50 um, respectively. For
the n-inverter and ring oscillator, Mo deposited and patterned on glass were used as the bottom gate,
solution processed HfO:2 as the dielectric layer, THF diluted T-FAPDbIs (FAPbIs:MACI35% surface

treated with TMA-PFs) as the n-channel and evaporated gold through a shadow mask as electrodes.

Transistor measurements

The transistor, inverter and ring oscillator measurements were performed at room temperature in the
dark inside a nitrogen-filled glove box. The perovskite TFTs were measured using an Agilent 4156C
semiconductor parameter analyzer in the continuous bias mode. The transfer curves were measured
at a drain voltage (Vbs) of 0.1 V by sweeping the gate voltage (Ves) from —5 to +5 V. The output
curve was measured at a Vs of 5 V with a step of 1 V by sweeping the Vps from 0 to +5 V. The

field-effect mobility in the saturation region (Vbs > Ves — V1) was obtained by using the equation,

Ips = %%#satcox(VGS — Vrp)? 1)

where the threshold voltage (VtH) and saturation mobility were determined from the x-axis intercept
and linear part of the (Ios)? vs Vs plot by the linear extrapolation method.

The subthreshold swing (SS) was obtained from the linear region of the log (Ips) versus Ves fit by

using the following equation:

dVgs

S5 = Zog e @
Here, interfacial trap density (Nit) was obtained from the equation:
SSlog(e)) | Cox
Ny = (g Con 3)
q

where Ips, W/L, psat, Cox, Ves, and Vtu are the drain current, channel width/length, saturation

mobility, capacitance of the gate oxide, gate voltage, and threshold voltage, respectively.

Computational details

To simulate the effect of TMA-PFe incorporation into the bulk of FAPbIs-MACI35% a structure
containing ca 2% of TMA-PFs was constructed, using a 4x4x4 supercell of the initial perovskite
structure. The adsorption of TMA-PFs on the perovskite surface was modeled on the (001) surface
slab. The structures were visualized using VESTA*" and VMD* programs. The effective masses of

holes and electrons were computed for the 2x2x2 supercell structures containing either 0% or 12.5%
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TMA-PFes, which were both relaxed in terms of cell parameters and atomic positions using PBE
density functional employing 40 Ry and 280 Ry kinetic energy and charge density cutoffs and fully
relativistic ultrasoft pseudopotentials*®, as implemented in Quantum Espresso code®®. More details

are included in Supplementary Information.

Nuclear magnetic resonance (NMR)

Proton nuclear magnetic resonance (*H-NMR) and fluorine nuclear magnetic resonance (**F-NMR)
spectra were obtained with a Bruker AVANCE 400 MHz instrument in deuterated DMSO. Nine
series of titration experiments were carried out, by varying the concentration of a certain substance in
the presence of one or a mixture of “initial” substance(s), whose concentration remained stable. The
amount of the initial substance(s) was set to 0.048 mmol, whereas the amount of the substance
gradually added was set at: 0 equivalents, 0.35 equivalents, 0.55 equivalents, 0.75 equivalents, 1.0
equivalents, and 2.0 equivalents, respectively (equivalents are defined as molar equivalents with
respect to the initial substance(s)). Thus, for each series of measurements, six *H (and *°F where
relevant) NMR spectra were obtained. The titration series that were studied are: (a) addition of x
equivalents of MACI to 0.048 mmol of FAI, (b) addition of x equivalents of MACI to 0.048 mmol of
Pblz, (c) addition of x equivalents of FAI to 0.048 mmol of TMA-PFs, (d) addition of x equivalents
of MACI to 0.048 mmol of TMA-PFs, (e) addition of x equivalents of Pbl2 to 0.048 mmol of TMA-
PFs, (f) addition of x equivalents of Pbl2 to an equimolar mixture (0.048 mmol each) of FAI and
MACI, (g) addition of x equivalents of FAI to an equimolar mixture (0.048 mmol each) of MACI
and Pblz, (h) addition of x equivalents of THF to 0.048 mmol of FAI, and (i) addition of x
equivalents of THF to 0.048 mmol of Pbl2. Representative experimental procedure: In a 4 mL vial,
0.048 mmol (8.2 mg) of FAI were added, followed by the addition of x mmol (0, 0.35, 0.55, 0.75, 1.0,
or 2.0 equivalents) of MACI. To this vial, 0.6 ml of DMSO-ds were added, the mixture was
mechanically stirred until complete dilution of all solids. The mixture was then analyzed via H- or
PYF-NMR.

Other characterisation techniques

The surface of the perovskite films was imaged using a Zeiss LEO 1550 FE-SEM apparatus with a 2
kV acceleration voltage. It was ensured that the voltage levels for SEM measurement did not
significantly impact the integrity of the perovskite thin films. Atomic force microscopy (AFM)
images were captured using an XE7 microscope (Park Systems) by operating in tapping mode. The
crystallinity of perovskite films was investigated using an X-ray Siemens D-500 606 diffractometer.

XPS measurements were performed by a monochromatic Al Ka X-ray source (hv = 1486.6 ¢V) using

12
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a SPECS PHOIBOS 150 electron energy analyser with a total energy resolution of 500 meV.
Conductive silver paint was used to connect the sample surface to the holder to avoid charge
accumulation during XPS measurements. All the films were deposited on Si substrates in the same
way as used for FET devices. UPS measurements were carried out using an ultralow-background,
high-sensitivity UPS apparatus with a hemispherical electron energy analyzer (MBS A-1),
monochromatic He la (hv = 21.22 eV) and Xe I (hv = 8.44 eV) radiation sources. The UPS spectra
were recorded at normal emission with an acceptance angle of £18° in transmission mode. A bias of
-5 V was applied to the substrate to obtain the secondary electron cut-off. The spectral energy
resolution was estimated to be less than 30 meV measured from the gold Fermi edge. PL
measurements were performed using a confocal microscope (WITec, Alpha RAS system). A fiber-
coupled 405-nm continuous-wave laser (Coherent, CUBE) was focused onto the sample using 40x
objective. The average power of the laser at its focal point was 0.5 pW. PL of the sample was
collected in the reflection geometry from the same objective, while the excitation laser beam from
the reflection was blocked using a 415-nm long-pass filter. Time-resolved photoluminescence (TRPL)
spectra were measured with an FS5 spectrofluorometer from Edinburgh Instruments. A 478.4 nm
laser was used as an excitation source. UV—Visible absorption spectra were recorded using a Scinco
S-4100 spectrometer. Fourier-transform infrared (FTIR) spectroscopy was performed using a Bruker
Tensor 27 spectrophotometer with a DTGS detector. Two dimensional grazing incidence X-ray
diffraction (2D-GIXRD) results were obtained by using Xenocs Xeuss 2.0 instrument with a Cu X-
ray source, and the wavelength and the incident angle of the X-ray beam are 0.154 nm and 0.2°,
respectively. Depth analysis X-ray photoelectron spectroscopy (XPS) was conducted with an Axis

Ultra, Kratos-Analytical Ltd apparatus.

Data availability
Source data are provided with this paper. Additional data related to this work are available from the

corresponding authors upon request.

Code availability statement
All codes (software) used in the calculation and visualization are publicly available and the condition

of their usage in the publication is an appropriate citation.
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Fig. 1 Managing surface morphology, crystallinity and crystal orientation. a, SEM top view

images of FAPbI3 perovskite films a, pristine, b, added 35% per molar MACI (denoted as a-FAPbI3),
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¢, diluted with THF (1:3 % v/v) and d, surface treated with TMA-PF¢ (denoted as T-FAPbI3). e,
XRD peaks of the same FAPbIs, a-FAPbIs before and after THF dilution and TMA-PFs treated a-
FAPbI; films. The position of (100) plane peak at different perovskite films along with the Pbl2 and
0-FAPDI; perovskite phase related peaks, present only in the pattern of pristine perovskite film, are
shown. GIWAXS patterns of f, pristine FAPbI3, a-FAPbI3 (added 35% MACI), g, before THF
dilution, and h, after THF dilution, and of i, T-FAPbIs.

Fig. 2 Strain relaxation and multidentate anchoring. a, Changes in the *H-NMR spectra of FAI
(0.048 mmol) by gradual addition of MACI (0-2 equiv). b, Changes in the *H-NMR spectra of Pbl
(0.048 mmol) by gradual addition of MACI (0-2 equiv). ¢, Changes in the 1°F-NMR spectra of TMA-
PFs (0.048 mmol) by gradual addition of FAI (0-2 equiv). d, Changes in the F-NMR spectra of
TMA-PFs (0.048 mmol) by gradual addition of Pbl2 (0-2 equiv). e, Pb 4f and f, 1 3d XPS core level
peaks of pristine FAPDIs, a-FAPbIs (including 35% MACI and THF diluted) and T-FAPbIs, which is
the TMA-PFs (2% w/w in CB) surface treated sample. g, Schematic illustration of the proposed
strain relaxation by incorporating MA cations within the perovskite crystal for compensating the
lattice strain. Also, illustration of the multidentate anchoring of TMA-PFs at the grain boundaries
and/or surfaces of FAPDbIs perovskite. h, DFT calculations on I-F and hydrogen bonding modes of
the TMA-PFs in the bulk of perovskite. i, DFT results on halogen and hydrogen bonding modes of
the TMA-PFs on the perovskite surface.

Fig. 3 The electrical performance and stability of n-channel T-FAPbI; perovskite TFTs. a,
Schematic diagram of the bottom gate top contact (BGTC) perovskite TFT. b, An optical image of
the perovskite transistor with a channel length (L) of 10 pum and width (W) of 50 um. c, The field
effect electron mobility (ue) of TFTs based on channels fabricated from FAPDbIs:MACI35%
precursors with different x ( x = 0, 1, 2 and 4) % w/w concentrations of TMA-PFs for surface
treatment. d, The transfer characteristics and e, the output characteristics of representative n-channel
a-FAPbI; perovskite transistors for different gate bias in forward (FS) and reverse scan (RS). f, The
electron mobility (ue) as a function of gate voltage of the TFT. The transfer curve was measured by
sweeping Vgs from -5 to +5 V at Vps of 0.1 V. g, Transconductance of the perovskite TFT. h,
Continuous measurements of transfer curves in FS and RS of a representative T-FAPbls TFT under
positive-bias stress (Ves = +5 V, Vps = +0.1 V) for different durations up to 150ks. i, The shift of
normalized drain current of the transistor after a constant positive-bias stress for 150ks. j, Transfer
curves under the negative-bias stress (Ves = -5 V, Vbs = -0.1 V) for durations up to 150ks. K,

Transfer and 1, output characteristics of a champion perovskite TFT.

18



605
606
607
608
609
610
611
612
613
614

Fig. 4 All-perovskite unipolar inverter and 11-stage ring oscillator. a, An optical image (left) and
zoom-in (right) of the unipolar inverter. b, The equivalent electronic circuit. ¢, Voltage transfer
characteristics (VTC) and d, voltage gain (-9 Vour/-0V1n)) of a-FAPbI3 perovskite TFT inverter with
a different Vpp from 1 to 4 V. e, An optical microscopy image of the integrated ring oscillators (left)
and zoom-in (right) to an individual ring oscillator. f, Oscillation frequency as a function of supply
voltage (Vpp) of the a-FAPDbIs ring oscillator. The inset shows the output voltage of the T-FAPbI3
ring oscillator at a frequency of 78.5 kHz.
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