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Chapter 4

Field effect transistors based on
formamidinium tin triiodide perovskite

This chapter is, with modified figures, based on an article published as:
S. Shao, W. Talsma∗, M. Pitaro, J. Dong, S. Kahmann, A. J. Rommens,

G. Portale, M. A. Loi,
Adv. Funct. Mater., 2008478 (2021)

[doi: 10.1002/adfm.202008478]

Abstract

To date, there are no reports of 3D tin perovskite used as a semiconducting channel in
field-effect transistors (FETs). This is probably due to the large amount of trap states and
high p-doping typical of this material. Here, the first top-gate bottom-contact FET using
formamidinium tin triiodide perovskite films is reported as the semiconducting channel.
These FET devices show a hole mobility of up to 0.21 cm2 V−1 s−1, Ion/off ratio of 104 and
a relatively small threshold voltage (VTH ) of 2.8 V. Besides the device geometry, the key
factor explaining this performance is the reduced doping level of the active layer. In fact,
by adding a small amount of the 2D material in the 3D tin perovskite, the crystallinity
of FASnI3 is enhanced, and the trap density and hole carrier density are reduced by one
order of magnitude. Importantly, these transistors show enhanced parameters after 20
months of storage in a N2 atmosphere.

∗Contributions to the experimental work: capacitance measurements, device fabrication (except for
depositing the active material) and electrical characterization, surface morphology characterization for a
subset of samples
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4. Field effect transistors based on formamidinium tin triiodide perovskite

4.1 Introduction

The charge-transport properties of semiconductors are one of the most critical
physical properties for the functioning of optoelectronic devices such as solar

cells, light-emitting diodes and field-effect transistors (FETs). Investigations of charge
transport in field effect transistor configuration are very useful as they can give indi-
cation of the material properties with a relatively simple experiment, which is very
appropriate for comparative studies. [1–8]

In the past several years, organic metal halide perovskites have been emerging
as a class of promising semiconducting materials for optoelectronic devices. [7, 9–21]
However, for quite a long time it had been very difficult to investigate the charge-
transport properties in FETs; reasons for this difficulty have been accounted to ion
migration, structural polarization and phonon scattering, which have negative ef-
fect as they can screen the gate electrical field. Early research works failed to obtain
well-behaving metal halide perovskite FETs at room temperature. Only recently,
researchers have partially overcome the great difficulties in fabricating lead halide
perovskite-based FETs, and not only 3D lead halide perovskites but also the lead
based 2D Ruddlesden-Popper (R-P) homologous (A

′

2An−1PbnX3n+1, n = 1), in the
form of thin film and single crystals, have been investigated as FET active materi-
als. [7, 10, 21, 22]

Among the tin-based halide perovskites, only 2D R-P (n = 1 phase) such as
PEA2SnI4 (PEA is phenylethammonium) have been investigated in FETs. Due to
the quantum and dielectric confinements in R-P perovskite, the charge tunnelling
perpendicular to the inorganic layers is strongly inhibited, and the charge transport
is mostly confined in the 2D corner sharing inorganic octahedral layer. Therefore,
structural defects with the alignment of the inorganic layers not parallel to the sub-
strate are very detrimental to the performance of FETs. In the past, strategies to elim-
inate the grain boundaries such as enlarging the grain size and growing single crys-
tals were developed to improve FET’s performances. In 1999 Kagan et. al. reported a
hole mobility of 0.6 cm2 V−1 s−1 in a transistor with bottom-gate and bottom-contact
geometry, which used as semiconducting channel a spin-coated R-P tin halide of for-
mula, PEA2SnI4. [20] Mitzi et. al. improved the hole mobility to 2.6 cm2 V−1 s−1 with
a superior PEA2SnI4 film morphology, which was obtained with a low-temperature
melt-processing technique. [23]

As traps at the surface of the dielectric layer can capture free charges in the semi-
conducting channel impeding in this way charge transport. Matsushima et. al. suc-
ceeded in enhancing the hole mobility of the transistor by passivating the trap states
at the silicon dioxide surface with a self-assembled monolayer containing NH3I ter-
minal groups.

FETs being interface-based devices, the device geometry and the position of the
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dielectric layer with respect to the active layer is very critical for the FET function-
ing. The energy barrier at active material/source (drain) interface is also extremely
important, as a large Schottky barrier can strongly inhibit the injection in the semi-
conductor channel and limit the device performance. Matsushima et. al. improved
the hole mobility of PEA2SnI4 up to 15 cm2 V−1 s−1 by using a polymer with high
dielectric constant as the dielectric layer and minimizing the hole injection barrier
with MoO3 interfacial layer in FETs with top-gate and top-contact geometry. [24–26]
To summarize, the charge-transport properties of the R-P tin perovskite materials
were found to highly depend on the film morphology, device geometry, surface trap
passivation, and energy barrier at the source/drain contact.

Unlike the 2D R-P, because of the absence of quantum- and dielectric-
confinement effects, the 3D tin perovskite materials potentially enable much
faster charge transport. [27, 28] Moreover, 3D tin perovskite should enable charge
transport in three dimensions. However, it is unclear how the crystallographic
properties and microstructures of these 3D tin perovskite films influence their
transport properties.

However, the investigation of the charge-transport properties of the 3D tin-based
perovskites is impeded by the big difficulties in fabricating a working FET. This is
most probably associated with the notorious high p-doping level of the 3D tin per-
ovskite due to the large amount of trap states, in particular tin vacancies. [29–31]
As a consequence, the quantity of holes in tin perovskites overwhelms the injected
ones, compromising the possibility of controlling the conduction with the gate field.
As a small gate voltage is not enough to deplete these holes in the semiconducting
channel, this poses challenges to switch off the transistor. Therefore, in order to get
good performance for these devices, effective strategies to eliminate the tin vacancies
should be developed.

In one of our recent works, we successfully reduced the p-doping level (hole den-
sity) in 3D formamidinium tin triiodide (FASnI3) perovskite of more than one order
of magnitude by incorporating a small amount of the 2D R-P tin perovskite. [30] The
addition of the R-P phase enhances enormously the crystallinity and the orientation
of the 3D phase. The highly ordered 3D phase is potentially very interesting for
its application as active layer in FETs. This gives us the motivation to investigate
its charge-transport properties. We fabricated reference FETs, which use pure 3D
tin perovskite film as the semiconducting channel, in bottom-gate bottom-electrode
configuration, with SiO2 as dielectric material. These devices, as expected, failed to
show field-modulated charge transport due to high density of holes (5.8× 1017 cm−3)
in the channel. Conversely, the FETs using the 2D/3D perovskite semiconducting
channel show field-induced p-type conduction in the same device geometry due to
the reduced hole carrier density (1016 cm−3). The FET using a 48 nm thick 2D/3D
layer shows a hole mobility extracted from the linear region of 0.12 cm2 V−1 s−1

103



4

4. Field effect transistors based on formamidinium tin triiodide perovskite

a) b)

Figure 4.1: XRD patterns of the (a) 3D and (b) 2D/3D samples.

and a threshold voltage (VTH ) of 28 V. Compared to the FET based on 2D/3D,
the FET based on pure 2D R-P layer shows an inferior hole mobility in the order
of 10−3 cm2 V−1 s−1 due to the combined quantum- and dielectric-confinement
effects and larger injection barrier at the perovskite/bottom-electrode interface. An
improved device structure, using Al2O3 as top-gate dielectric, allows us to reduce
significantly the VTH to 2.8 V as a direct consequence of the oxide high capacitance.
Moreover, in this optimized device geometry, the hole mobility is increased up to
0.21 cm2 V−1 s−1 with an Ion/off ratio of 104 Interestingly, these devices show mostly
improved performances after 20 months of storage in N2 atmosphere.

4.2 Perovskite film characterization

We prepared the 3D and 2D/3D films with a thickness of around 306 nm following
the previously reported procedure for the fabrication of solar cells. [30] Figure 4.1
shows the X-ray diffraction (XRD) patterns of these two films. The 3D film is com-
posed of randomly oriented grains, exhibiting the diffraction peaks of (100), (120),
(122), (200) planes. In contrast, the 2D/3D film is composed of highly oriented
grains, showing dominant diffraction peaks of (100) and (200) planes. It is note-
worthy that the 2D/3D film shows significantly higher crystallinity as compared to
3D film, which is evidenced by the intense and narrower diffraction peaks. Though
we refer to this sample as 2D/3D in order to differentiate it from a pure 3D sample,
the diffraction peak from the 2D phase at lower 2θ angle is negligible due to its small
amount. Therefore, the 2D/3D sample can be treated as highly crystalline and ori-
ented 3D phase. This is further confirmed by the fact that both films show practically
the same absorption spectra (Figure 4.2).
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Figure 4.2: Absorbance spectra of the 3D (black) and 2D/3D (red) film.

In order to gain deeper insight into the orientation and the phase distribution,
Figures 4.3 c and e display the grazing incidence wide-angle x-ray scattering (GI-
WAXS) images of the 3D tin perovskite films detected at X-ray incident angles of
0.25◦ and 2.0◦, respectively. The diffraction rings verify that the entire 3D film is
composed of randomly oriented 3D grains (Figure 4.3a). Figure 4.3 d and f dis-
play the GIWAXS images of the 2D/3D films recorded under the same experimen-
tal conditions, where it is evident that the top part of the film consists of pure 3D
grains, whereas the bottom part consists of 3D grains and of a very small amount
of PEA2FASn2I7 (n = 2 phase) (Figure 4.3 b). The 3D grains of the 2D/3D film are
oriented with h00 planes packing dominantly in the out-of-plane direction over the
in-plane direction, and the n = 2 phase is oriented with the inorganic layers parallel
to the substrate. The high crystallinity and orientational order observed in 2D/3D
film are associated with the changes in crystallization process, in which 2D tin per-
ovskite promotes the surface crystallization of the 3D tin perovskite. [32] Figure 4.4
shows the atomic force microscopy (AFM) micrographs of the two films. The pure
3D film exhibits large grains with sharp grain boundaries, while the 2D/3D film
shows fused grain boundaries.

Figure 4.5a shows the time resolved photoluminescence (PL) spectra of the 3D
and 2D/3D films. The 2D/3D film exhibits much slower (8.15 ns) decay dynam-
ics of the charge carriers than the pure 3D film (1.54 ns), indicating that the highly
crystalline 2D/3D film has a much lower trap density than the 3D counterpart. See-
beck coefficients of the 3D and 2D/3D films demonstrated that holes dominate the
electrical conductivity. [30] Also, the electrical conductivity of the 2D/3D film is con-
siderably lower than the one of the 3D films (Figure 4.5b), which is an indication of
reduced p-doping level. Mott-Schottky analysis (Figure 4.5c) shows that the carrier
density of the 2D/3D sample is about 50 times lower than that of the 3D one. These
results are in agreement with the decrease of the trap states in the 2D/3D film, partic-
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ularly the tin vacancies, which are one of the main factors causing the high p-doping
of the tin perovskite. [30] As we discussed in the previous paragraphs, the enhanced
crystallinity and orientational order are the underlying factors to reduce the trap
density and p-doping level of the 2D/3D film.

a) b)

3D 2D/3D

SubstrateSubstrate

n=2

200

100 120/102

200

100
120/102

c) d)

e) f )

Figure 4.3: Schematic illustration of the phase distribution and orientation of the (a) 3D and
(b) 2D/3D films. GIWAXS images of the (c, e) 3D, (d, f) 2D/3D films detected with incident
x-ray angles of 0.25◦ and 2.0◦, respectively.
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a) b)

Figure 4.4: AFM images of the (a) 3D and (b) 2D/3D tin perovskite films. The inset scale bar
is 2 µm. Note: the film thickness is around 306 nm.

In order to compare the transport properties of these two types of films, we start
the investigation with a simple bottom-gate and bottom-contact geometry as shown
in Figure 4.6a. A 230 nm thick SiO2 layer deposited on highly n-doped commer-
cial silicon substrate was used as the dielectric material, which has a capacitance of
15 nF cm−3. Gold was used to define both source and drain electrodes. The chan-
nel length (L) and width (W ) are 20 µm and 10 mm, respectively. It is noted that
we only did a short UV-ozone treatment to the SiO2 surface before spin-coating the
perovskite layer.

Figure 4.6b shows the energy levels of FASnI3 and Au, which are taken from a
previous report. [33, 34] Apparently, there is an energy barrier for hole injection at the
Au/perovskite interface. In one of our recent works, we found that a small quantity
of lead-based R-P, n = 2 phase does not form a continuous thin layer, but segregates
into small domains embedded in the dominant 3D lead based perovskite matrix at
the bottom of the perovskite film. [35] Since the quantity of the 2D tin perovskite in
2D/3D film in this work is very small, it is most probable that the 2D phase also
forms very small segregated domains. Therefore, 3D tin perovskite dominates the
energy level alignment at the perovskite/Au interface.
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b)a)

c)

Glass
Au

Tin perovskite

Figure 4.5: a) Normalized time-resolved PL spectra, b) electrical conductivity, c) C−2 as a
function of bias voltage in the dark condition of the 3D (black) and 2D/3D (red) samples.

4.3 Perovskite field-effect transistors

FETs made with the 3D film show very weak p-type field-modulated conduction. In
Figure 4.6c, the output characteristics, reporting the source drain current (IDS) swept
over source drain voltage (VDS) at specific gate voltages (VG), shows a very narrow
linear region (0V ≥ VDS ≥ −5V) and a broad saturated region, when a negative
VDS is applied to the device (p channel). It is noted that the IDS does not increase
significantly with the gate voltage. Upon a positive VDS (n channel), the device
does show sign of saturation and formation of n-type channel only at 60 V; at lower
voltages, only holes appear to be present. The transfer curves, are almost flat over
the swept gate voltage range in both the p- and n-channel, and do not show either
any subthreshold regime or off state (Figure 4.6d). The channel has a conductivity of
about 1.9× 10−2 S cm−1, calculated from the linear region of the output curves in the
absence of the gate voltage, this value is in good agreement with the one obtained
in a lateral two-terminal device (Figure 4.5a). Such a high electrical conductivity is
due to severe self-doping by the tin vacancies. Therefore, a very large positive gate
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a)

c) d)

e) f )

b)

n-Si
SiO2

Au Au FaSnI3
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-5.34 eV

Au
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Figure 4.6: (a) Bottom-gate and bottom-contact FET structure. (b) The energy level of FASnI3
and Au. (c) Output and (d) transfer curves of the FET using 3D Sn perovskite as semiconduct-
ing channel. (e) Output and (f) transfer curves of a typical FET using 2D/3D Sn perovskites
as the semiconducting channel. Note: the thickness of the active layer is around 306 nm nm.

voltage is needed to deplete the holes in the channel and turn off the transistor.

Compared to the pure 3D based device, the FETs using 2D/3D film as semicon-
ducting channel show more pronounced gate-modulated conductance (Figure 4.6e),
the IDS current increases significantly with the increased VG. Though the trans-
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a)

c) d)

b)

Figure 4.7: (a), (b) and (c) Output curves, and (d) transfer curves (at VDS=-5 V) of the FET us-
ing 2D/3D Sn perovskite as semiconducting channel with thickness 110 nm, 48 nm and 28 nm,
respectively.

fer curves do not show a clear off state in the p-channel (Figure 4.6f), they show
a sub-threshold region. The threshold voltage is estimated to be 60 V by extrap-
olation of the linear region to the x-axis and correcting for the used VDS . This is
confirmed by transfer curves measured for the n-channel. Such an improvement in
the gate-modulated conduction behavior is associated with the reduction of the trap
states in the 2D/3D film, which by itself is a consequence of the high crystallinity
of the thin film. The channel has a conductivity of about 1.2× 10−4 S cm−1. The
hole carrier density in this 2D/3D film is reduced more than one order of magni-
tude (1.2× 1016 cm−3). The devices fabricated using 300 nm thick 2D/3D films show
a low hole mobility of 9× 10−3 cm2 V−1 s−1 calculated from the linear region of the
transfer curve in forward direction at VDS = −5 V (Table 4.1). In this case, even if
the transistor is still not well performing, the gate electrode is able to perform some
modulation on the current crossing the channel.

Since the 2D/3D tin perovskite film offers superior performance compared to the
3D tin-perovskite also when used as active layer of FETs, hereafter we focus on im-
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proving their performance. Figure 4.7 shows the output and transfer curves of the
FETs with different thin-film thicknesses (110 nm, 48 nm and 28 nm) to compare with
the one obtained with 306 nm film. Importantly, the thinner films maintain the same
crystallographic preferential orientation of the inorganic octahedron as the thick film
(Figure 4.9). The devices fabricated using 110 nm, 48 nm and 28 nm thick 2D/3D
films show hole mobilities of 0.07 cm2 V−1 s−1, 0.09 cm2 V−1 s−1 and 0.03 cm2 V−1 s−1

calculated from the linear region of the transfer curve in forward direction at VDS =

−5 V (Table 4.1). The threshold voltages estimated by extrapolating the linear region
of the transfer curve in forward direction are 55.6 V, 45.8 V and 43.1 V respectively.
These FETs exhibit higher hole mobility and smaller threshold voltage compared to
the one using 306 nm thick films. In case of thick films, a large part of the thickness is
unaffected by the gate electric field, causing leakage paths and high off current due
to carrier diffusion. Instead, thinner films are within the range of the gate electric
field, leading to lower off current in the transistor characteristics. Figure 4.8 shows
AFM images of the films with various thicknesses. When the film thickness de-
creases, more pinholes and open grain boundaries appear in the film. This is caused
by the lower quantity of the ionic species in the diluted precursor solution. At the
contrary of what has been previously reported for R-P based FETs, it seems that the
grain boundaries and pinholes are, to a great extent, less detrimental for the FETs
based on 2D/3D films in the bottom-gate geometry. This is probably due to the
fact that in the absence of quantum and dielectric confinement, the charge trans-
port takes place in the multiple inorganic octahedral layers of the 3D grains near the
substrate. Therefore, these pinholes are not detrimental until the electrical coupling
between the grains is enough to allow charge carrier percolation. For layers thinner
than 28 nm, devices failed to give proper performance because the perovskite grains
become isolated.

2D/3D film thickness (nm) µh (cm2 V−1 s−1) VTH (V)
300 0.01 60.1
110 0.05 55.6
48 0.09 45.8
28 0.03 43.1

Table 4.1: Figures-of-merits, which are extracted from the forward sweep, of the FET with a
bottom-gate geometry using 2D/3D tin perovskite as semiconducting channel.
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a)

c) d)

306 nm 110 nm

48 nm 28 nm

b)

Figure 4.8: AFM images of the 2D/3D films with thicknesses of 306 nm, 110 nm, 48 nm and
28 nm.
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Figure 4.9: XRD patterns of the 2D/3D films with thicknesses of 306 nm, 110 nm, 48 nm and
28 nm.
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4.4 Tuning the perovskite film composition

The next important question is how the quantity of the 2D perovskite influences
the performance of the transistors. Three tin perovskite films (of thickness around
110 nm) with nominal composition PEA2FA7Sn8I25 (n = 8), PEA2FA3Sn4I13 (n = 4)
and PEA2SnI4 (n = 1, pure 2D) were prepared (see the experimental section). The
polycrystalline PEA2SnI4 film is composed of pure 2D perovskite grains, of which
the h00 planes stack in the out-of-plane direction (Figure 4.10a-c). The Bragg spots
indicate that inorganic octahedral layers of the n = 1 phase are highly oriented, but
not perfectly parallel to the substrate. Some inorganic layers of the n = 1 phase
are slightly tilted. Instead, the PEA2FA7Sn8I25 and PEA2FA3Sn4I13 films are com-
posed of mixed phases including n = 1, 2 and n ≥ 3 phases (Figure 4.10d-i). Like-
wise, the inorganic layers of the n = 1 and n = 2 grains in those films are oriented
preferentially parallel to the substrate, while the n ≥ 3 phases are oriented with
inorganic layers perpendicular to the substrates. Moreover, the n = 1 and n = 2

phases are located throughout the entire PEA2FA7Sn8I25 and PEA2FA3Sn4I13 films.
Obviously, the quantities of the n = 1 and n = 2 phases in these films are much
higher compared to that in 2D/3D film. In this case, the hole injection mainly oc-
curs at the low-dimensional perovskites/Au interface, which is similar to what is
happening in pure 2D perovskite/Au interface. All these devices with higher 2D
content exhibit p-type gate-modulated conduction, but the IDS of these FETs in out-
put and transfer curves are more than one order of magnitude lower than that of
the 2D/3D film (Figure 4.11). The hole mobility values of these FETs are in the
range of 10−3 cm2 V−1 s−1 (Table 4.2), which is one order of magnitude lower than the
FET based on 2D/3D film. This confirms that the charge injection mostly occurs at
the low dimensional tin perovskite/Au interface and subsequent transport of these
charges in the PEA2FA7Sn8I25, PEA2FA3Sn4I13 and PEA2SnI4 phases is disrupted.
The combined quantum- and dielectric-confinement effects cause lower charge car-
rier mobility of the 2D R-P than 2D/3D perovskite. [27, 28] Due to the confined
charge transport of these R-P films, the structural defects such as the pinholes and
grain boundaries (Figure 4.12), and imperfect alignment of the inorganic layers re-
spect to the substrate (Figure 4.11) are very detrimental to the charge transport. In
other words, the R-P based FETs require for optimal performances a more perfect
microstructure, i.e. , smaller quantity of pinholes and grain boundaries, and perfect
parallel orientation of the inorganic layers. Furthermore, the larger inject barrier at
low-dimensional perovskite/Au interface due to the deeper valence band (−5.58 eV)
of these R-P phases is another factor leading to inferior hole mobility than the 2D/3D
film.
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a) b) c)
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Figure 4.10: GIWAXS images of the nominal (a) and (b) PEA2SnI4, (d) and (e) PEA2FA3Sn4I13

(g) and (h) PEA2FA7Sn8I25 films detected with incident X-ray angles of 0.25◦ and 2.0◦, respec-
tively. Schematic illustration of the phase distribution and orientation of the (c) PEA2SnI4, (f)
PEA2FA3Sn4I13, (i) PEA2FA7Sn8I25 films. Note: PEA2FA3Sn4I13 film were measured using a
mask.

2D/3D film material µh (cm2 V−1 s−1) VTH (V)
PEA2SnI4 0.003 27.3
PEA2FA3Sn4I13 0.002 26.1
PEA2FA7Sn8I25 0.001 29.1

Table 4.2: Figures-of-merits extracted from forward sweep of the transistor with a bottom gate
geometry using low dimensional R-P perovskite as semiconducting channel.
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a)

c) d)

b)

Figure 4.11: (a), (b) and (c) Output and (d) transfer curves of the FET using low dimensional
R-P Sn perovskite as semiconducting channel. Note: the thickness of the active layer is about
110 nm.

4.5 Field effect transistors in staggered configuration

Due to the advantages of the 2D/3D-based FET, we continue to improve their per-
formance with a different device structure. In order to turn off the 2D/3D-based FET
at small gate bias (low VTH ), Al2O3 gate dielectric is used in a bottom-contact and
top-gate geometry (Figure 4.13a). Before the deposition of Al2O3 layer (60 nm) by
atomic layer deposition (ALD), a very thin layer (≈ 10 nm) of polymethyl methacrylate
(PMMA) is spin-coated on top of the perovskite layer to passivate its surface traps
and protect it from any decomposition during the ALD process. The PMMA/Al2O3

double dielectric layers have a capacitance of 78 nF cm−2 (see experimental details
for capacitance measurements). Without the PMMA layer, the device loses its cur-
rent and does not show any FET behavior (Figure 4.14). Figures 4.13b and c show
the output and transfer curves of the fresh FET with a PMMA layer. Compared to
those fabricated with the bottom gate geometry, the top gate FETs exhibit several
important features: 1) the output and transfer curves show much smaller hysteresis;
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b)a)

c)

Figure 4.12: AFM images of the nominal (a) PEA2SnI4, (b) PEA2FA3Sn4I13 and (c)
PEA2FA7Sn8I25 films. Note: the film thickness is around 110 nm.

2) the output characteristics show a clear saturation; the Ion/off ratio is about 104 ;
and 3) the VTH is of only 2.8 V. The hole mobility calculated from the linear region of
the transfer curve in the forward direction is 0.21 cm2 V−1 s−1 (at VDS = −2 V) for a
48 nm thick semiconducting layer. Interestingly, these devices are stable when stored
in a nitrogen-filled glove box. The output and transfer curves of devices stored in a
glove box for more than 20 months exhibit much smaller hysteresis compared to the
fresh devices (Figure 4.13d and e); the mobility is increased (0.32 cm2 V−1 s−1); and
the VTH is superior to that of fresh devices. It is possible that a slight change in
the microstructure of the 2D/3D film or of the interface between 2D/3D film and
PMMA/Al2O3 layers is responsible for the reduction of charge trapping. The only
parameter that shows a degradation is the Ion/off ratio, which decrease slightly with
respect to the one of fresh devices.

This is, to the best of our knowledge, the first report on well-behaving FETs using
3D tin perovskite film as a semiconducting channel. These results were achieved
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4.5. Field effect transistors in staggered configuration

n-Si
SiO2

Au AuTin perovskite
PMMA
Al2O3

a)

b) c)

d) e)

Figure 4.13: (a) Top-gate and bottom-contact FET structure. (b) Output and (c) transfer curves
of the fresh FETs using 2D/3D Sn perovskite as a semiconducting channel (thickness 48 nm).
(d) Output curves and (e) transfer curves of the FET using 2D/3D as the semiconducting
channel (thickness 48 nm) aged in the nitrogen-filled glove box for 21 months.

thanks to our recipe for enhancing the crystallization of the 3D perovskite by adding
a small amount of 2D R-P phase, giving rise to a decrease of the Sn vacancies and
of the hole doping. Research on pure R-P phases shows that the hole mobility of
the FET was significantly improved by optimizing the fabrication process and the
device structure. [21, 25, 34] Therefore, we believe there is great potential, starting
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a) b)

Figure 4.14: (a) Output curves and (b) transfer curves of the FET with top-gate and bottom-
contact structure without PMMA protection layer.

from these results, to further improve the figure of merit of FETs fabricated with
FASnI3.

4.6 Conclusion

In conclusion, we report the first top-gate, bottom-contact FET using 3D tin per-
ovskite film as the semiconducting channel. This device shows a hole mobility of
0.21 cm2 V−1 s−1, Ion/off ratio of 104 and a VTH = 2.8 V. A key factor to achieve this
performance is to reduce the p-doping level of the 3D tin perovskite by adding a
tiny amount of tin 2D R-P phase, which significantly improves the crystallinity and
orientation of the FASnI3. These devices show outstanding stability in a N2 atmo-
sphere, with mostly improved performances after 20 months of storage. Moreover,
we demonstrated that the 2D/3D based FET shows higher hole mobility compared
to those based on low-dimensional R-P perovskites due to their lower sensitivity
to the microstructure (orientation of the inorganic planes) and lower hole injection
barrier at perovskite/source interface.

4.7 Experimental

Materials:
PEAI (>98%) and FAI (>98%) were purchased from TCI EUROPE N.V. SnI2

(99.999%), SnF2 (>99%), N,N-dimethylformamide (DMF) (99.8%) and dimethyl
sulfoxide (DMSO) (99.8%) were purchased from Sigma-Aldrich. All the materials
were used as received without further purification.
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4.7. Experimental

XRD:
XRD patterns of the perovskite films were recorded on a Bruker D8 Advance X-ray
diffractometer with a Cu κα source (λ = 1.54 Å) and a Lynxeye detector.

AFM:
Surface morphologies of the perovskite films were imaged by an AFM running in
ScanAsyst mode, using a Bruker Dimension Icon. The AFM images were analyzed
using the software Gwyddion.

C-V, electrical conductivity and GIWAXS measurements:
C-V, electrical conductivity and GIWAXS measurements were performed following
the previously reported procedure. [30]

Capacitance measurements:
The capacitance of the PMMA/Al2O3 dielectric was measured in a sandwich device
structure indium tin oxide (ITO)/PMMA/Al2O3/Al. The capacitance-frequency
measurements were conducted under dark condition in a frequency range of 1 Hz
to 106 Hz with an AC driving voltage of 20 mV on a Solarton 1260 impedance
gain-phase analyser.

Device fabrication and electrical characterization:
Commercially available silicon substrates (Fraunhofer Institute), consisting of on
top a thermally grown SiO2 dielectric layer (230 nm thickness) and lithographically
defined source and drain bottom electrodes (10 nm ITO/30 nm Au), were cleaned
using an ultrasonication bath in acetone and isopropyl alcohol. The substrates were
subjected to UV-ozone treatment for 20 minutes, and they were then transferred to
a nitrogen-filled glove box. For the bottom gate geometry, the reference FASnI3 film
was spin-coated on the substrates from a precursor solution comprising 1 mol dm−3

FAI, 1 mol dm−3 SnI2 and 0.1 mol dm−3 SnF2 in mixed solvents of DMSO and DMF
(1:4 volume ratio) at 4000 rpm for 60 s. Diethyl ether was used as the anti-solvent
during the spin-coating process. The FASnI3 film was then annealed at 65 ◦C for 20
minutes. The 2D/3D tin perovskite films were obtained under the same conditions
from solutions containing PEAI, FAI, SnI2, and SnF2 with a molar mass ratio of
0.08 : 0.92 : 1 : 0.1 (SnI2 concentration: 1 mol dm−3 for 306 nm, 0.5 mol dm−3 for
110 nm, 0.25 mol dm−3 for 48 nm, and 0.125 mol dm−3 for 28 nm) PEA2FA7Sn8I25 film
was obtained from precursor solution containing PEAI, FAI, SnI2, and SnF2 with a
molar ratio of 0.25 : 0.75 : 1 : 0.1 (SnI2 concentration 0.5 mol dm−3). PEA2FA3Sn4I13

film was obtained from precursor solution containing PEAI, FAI, SnI2, and SnF2

with a molar ratio of 0.5 : 0.75 : 1 : 0.1 (SnI2 concentration 0.5 mol dm−3). PEA2SnI4

film was obtained from a precursor solution containing PEAI, SnI2, and SnF2 with
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a molar ratio of 2 : 1 : 0.1 (SnI2 concentration 0.5 mol dm−3). For the top-gate
geometry, a thin layer of PMMA (10 nm) was spin-coated on top of the perovskite
films and then transferred under nitrogen atmosphere to the atomic layer deposition
(ALD) reactor. There, Al2O3 (≈ 48 nm) was deposited by ALD at 100◦, using H2O
and trimethylaluminium (TMA). Electrical measurements were performed using a
probe station placed in a nitrogen-filled glove box at room temperature under dark
conditions. The probe station is connected to an Agilent E5270B Semiconductor
Parameter Analyzer. The reported charge carrier mobilities were extracted from the
IDS–VG transfer characteristics in the linear regime.
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rausch, Ruben Higler, Sven Hüttner, Tomas Leijtens, Samuel D. Stranks, Henry J. Snaith,

122

https://doi.org/10.1039/C5EE03874J
http://pubs.rsc.org/en/Content/ArticleLanding/2016/EE/C5EE03874J
http://pubs.rsc.org/en/Content/ArticleLanding/2016/EE/C5EE03874J
https://doi.org/10.1126/science.aah5557
https://doi.org/10.1002/adma.201903239
https://doi.org/10.1126/science.1228604
https://doi.org/10.1039/c5nr07457f
https://doi.org/10.1002/adma.201803703
https://doi.org/10.1039/c6cs00896h
https://doi.org/10.1002/ente.201700356


4

Bibliography
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