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In this manuscript, the perovskite-based metal-oxide—semiconductor field effect transistors (MOSFETs) with phenyl-
Cg1-butyric acid methylester (PCBM) layers are studied. The MOSFETS are fabricated on perovskites, and characterized
by photoluminescence spectra (PL), x-ray diffraction (XRD), and x-ray photoelectron spectroscopy (XPS). With PCBM
layers, the current—voltage hysteresis phenomenon is effetely inhibited, and both the transfer and output current values
increase. The band energy diagrams are proposed, which indicate that the electrons are transferred into the PCBM layer,
resulting in the increase of photocurrent. The electron mobility and hole mobility are extracted from the transfer curves,
which are about one order of magnitude as large as those of PCBM deposited, which is the reason why the electrons are
transferred into the PCBM layer and the holes are still in the perovskites, and the effects of ionized impurity scattering on

carrier transport become smaller.

Keywords: metal-oxide—semiconductor field effect transistors, photoelectric characteristics, perovskite
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1. Introduction

As a potential photoelectric material, organic—inorganic
halide perovskite (OIHP) has drawn tremendous attention in
the past several years.!!™] Perovskites in the form of ABX;3
(A = methylammonium, B = lead, X = chlorine, bromine, and
iodine) exhibit excellent properties such as long electron diffu-
sion lengths, the ability to strongly absorb light, and extremely
low preparation cost.[®®! The power conversion efficiency of
the OIHP based solar cells has increased from 3.8% in 2009
to 21% in 2016.1°°1% Perovskite based photovoltaic devices,
such as photodetectors, lasers, and phototransistors have been
widely analyzed in recent years.!'>-'8] However, OIHPs are
not applied to industrial production since the film can be eas-
ily decomposed in the air, and the mobile ions like iodine™
and methylammonium™ will affect the stability and reliability
of the photovoltaic device.!!>1%:20!

The study of the ion migration in the OIHP film fo-
cused on how the ions move and how the ions inhibit.[?!:>?]
Yang et al.”°! and Xu et al.!*3! performed the density func-
tional theory calculations of both the diffusion barriers and
the formation energies for MA™, I, and Pb?*. They found
that the I~ and MA™ have lower diffusion barriers than the
Pb?* .120.23] The phenyl-Cg, -butyric acid methylester (PCBM)
was often used for the inhibition of the iodine ions.**! Liu
et al. proposed a new model based on the hindering the-
ory of ions (vacancies) migration with PCBM.!"”! Xu er al.
proved that the PCBM phase promotes electron extraction and
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passivates the key Pbl; antisite defects.**! In many reports
the PCBM has been analyzed on devices such as solar cells
and photodetectors.>*27 The perovskite based phototransis-
tors with and without the PCBM layer are also quite signifi-
cant. However, the latest literature focuses on the perovskite
field-effect transistors under different temperatures without the
PCBM layer. (28]

In the present study, the structures (#1: perovskite, #2:
PCBM/perovskite/PCBM) of OIHP-based phototransistors are
prepared and discussed. The perovskite films are characterized
by photoluminescence spectra (PL), x-ray diffraction (XRD)
and x-ray photoelectron spectroscopy (XPS). Current—voltage
(I-V) curves are measured and the channel carrier mobility is
calculated. The effects of the PCBM layers on the perovskite
MOS field-effect transistors are presented by energy band and
transport loops diagrams.

2. Experimental details and results

The 400-pm, heavily doped Si (R < 0.01 Q-cm) with
300-nm SiO; oxide layers were prepared as the substrate
and the oxide layer, respectively. Methylammonium iodide
(MAI) was synthesized by stoichiometrically reacting methy-
lamine with hydroiodic acid. The precursor was prepared
by mixing MAI and PbCl, in a molar ratio of 3:1 in N,
N-dimethylformamide (DMF). The mixed solution was then
spin-coated on the Si/SiO;, substrate at 2000 rpm for 30 s.
Phenyl-Cg;-butyric acid methylester (PCBM, Nichem Fine
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Technology Co., Ltd.) was spin coated after and/or before
the perovskite layer at 1500 rpm for 30 s, and the samples
were annealed at 90 °C for 30 min. Aluminum and gold
were used as the back and positive electrode by magnetron
sputtering, respectively. The area of the gate electrode is

lite peaks (shown in Fig. 2(c)).[*! Figure 2(d) shows the pho-
toluminescence spectrum, and the photoluminescence peak at
780 nm is consistent with previously reported results. ]

1600 umx400 pum, and the channel length is 50 um. The
structures for the MOSFETs are shown in Fig. 1.

The XRD, XPS, and PL measurements are presented
in Fig. 2. The x-ray diffraction spectrum (Bruker D9 ad-
vance diffractometer, Cu—Ka radiation) is shown Fig. 2(a).
It is found that the perovskite film has a highly ori-
ented crystal domain with the long axis preferentially ori-
ented parallel to the substrate. Peaks at 14.2°, 28.5°
are assigned to the (110) and (220) planes of crystalline
CH3NH;Pbl;_,Cl,, respectively.!’%! The x-ray photoelectron
spectroscopy (Thermo Fisher Scientific ESCALAB 250 sys-
tem, Al-K) is conducted in the case without ion etching. The
elements (and corresponding binding energies) in the examin-
ing spectrum (in Fig. 2(b)) are obtained to be Pb 4f (145 eV),
C1s(285eV),N 1s (416 eV), and I 3d (621 eV), respectively.
The double peaks of Pb and I are the main peaks and the satel-
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Fig. 1. (color online) Structures for MOSFETSs (#1) Au/perovskite/
Si0,/Si/Al and (#2) Au/PCBM/perovskite/PCBM/SiO,/Si/Al.
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Fig. 2. (a) X-ray diffraction (XRD), ((b) and (c)) x-ray photoelectron spectroscopy (XPS) results, and (d) photoluminescence spectrum
(PL) measurements for the perovskite films deposited on the Si/SiO; substrate.

The transfer characteristic curves of the transistors, mea-
sured in the dark, are shown in Figs. 3(a) and 3(b) and those
measured under illumination are displayed in Figs. 3(c) and
3(d). It is found that the primordial perovskite based field-
effect transistor shows current values less than 10710 A at
20-V gate voltage in the dark, and less than 1078 A at 20-V

gate voltage under illumination, respectively. However, the

values of current increase when PCBM layers are deposited on
both sides. Since PCBM is widely used as an electron trans-
port layer, 3334 depositing PCBM near the oxide layer can
conduce to the accumulation of the electrons, while PCBM
away from the oxide layer will resist the accumulation of elec-
trons (shown in Fig. 4). In the dark, the electrical hysteresis
by positive and negative sweep disappears with PCBM layers
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due to the suppression of ions drifting. As in the light con-
dition, the number of photo-generated carriers is much bigger
than that of ions, thus the positive and negative current curves
coincide and the hysteresis caused by ions is ignored. Since
perovskite is a weak p-type semiconductor, the MOS transis-
tors are bipolar transistors, 3% which means the transistors
work under both positive and negative voltages. When pos-
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itive gate voltage is applied, electrons accumulate near the
SiO,/perovskite (#1 and #2) or SiO,/PCBM (#3) interface
(shown in Fig. 4), while holes are pulled away from the in-
terface and distributed in the perovskite or PCBM film. In this
case, the electrons play a main role in the current transport.
Similarly, the holes will primarily affect the current transport
when negative gate voltage is applied.
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Fig. 3. Drain current—gate voltage curves at V4 = —5 V in ((a) and (b)) the dark and ((c) and (d)) light condition.
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Fig. 4. (color online) Energy band diagrams of transistors (a) #l
Au/perovskite/SiO,/Si/Al (b) #2 Au/PCBM/perovskite/PCBM/SiO,/Si/Al.
Ec, Ey, EF, Ecpcom> Evpebms Ecos Evo, EFal, and Epay are the conduction band,
valance band, Fermi level of perovskite, PCBM, SiO, layer, and metal elec-
trode, respectively. The black and white balls are symbolized as electrons and
holes, respectively.

The output current curves in the dark and under illumina-
tion (2 mW/cmz) are illustrated in Figs. 5(a) and 5(b). After
PCBM deposited on both sides of the perovskite film, the hys-

teresis of output current is eliminated as shown in Fig. 3. Since
the output current is not saturated, the channel mobility can be
extracted from the following equation for the linear region:

w
I= 3 Cr2(Ve+V)Va=Va?), (M

where W, L, C, u, V; are the channel width, the channel length,
the gate capacitance per unit area, the field effect mobility, and
the threshold voltage, respectively. The width of the electrode
is 400 pum, the channel length is 50 um, and the capacitance
of the oxide layer per unit area is 1.15 x 10~% A/cm?. Since
the variations of current curves are linear, the parameter de
can be ignored in Eq. (1). The charge transport loops under
positive and negative gate voltage are illustrated in Figs. 6(a)
and 6(b). When positive gate voltage is applied, electrons ac-
cumulate near the interface, and thus the channel mobility of
electrons can be obtained. Likewise, the hole channel mobil-
ity can be obtained by fitting the transfer current curves un-
der negative gate voltage as seen in Fig. 6(b). By fitting the
curves in Fig. 3, the channel mobilities under light condition

are calculated. For transistor 1, the values of electron and hole
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gate mobility are 0.0336 cm?/Vs and 0.0197 cm?/V -s, respec-
tively. With PCBM layers deposited in MOSFET, the elec-
trons are transferred into the PCBM layer and the holes are

still in the perovskites, and the effect of ionized impurity scat-
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tering on carrier transport becomes smaller. The electron mo-
bility and hole mobility are, respectively, 0.424 cm?/V-s and
0.29 cm?/V s, which are an order of magnitude larger than that
in the case without PCBM.
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Fig. 5. (color online) Drain current—drain voltage curves with different gate voltages (V; = 30 V and —30 V) for transistors (a) Au/perovskite/SiO,/Si/Al
and (b) Au/PCBM/perovskite/PCBM/SiO,/Si/Al in the dark and under illumination (2 mW/cm2).
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Fig. 6. (color online) Charge transport loops under (a) positive and (b) negative gate voltages under light condition.

3. Conclusions

In this study, the effects of perovskite based MOSFETs
with and without PCBM are discussed. With PCBM lay-
ers, the current—voltage hysteresis phenomenon is effetely re-
duced, and both the transfer and output current values increase.
The band energy diagrams are proposed, which indicate that
the electrons are transferred into the PCBM layer, resulting
By fitting the MOSFETs

transfer curves, the values of electron and hole gate mobil-

in the increase of photocurrent.

ity under light condition are calculated. With PCBM layers
deposited in MOSFET, the electrons are transferred into the
PCBM layer and the holes are still in the perovskites, and the
effects of ionized impurity scattering on carrier transport be-
come smaller. The electron mobility and hole mobility are,
respectively, 0.424 cm?/V-s and 0.29 cm?/V-s, which are an

order of magnitude larger than in the case without PCBM.
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