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Solution-processable organic—inorganic hybrid perovskites are being widely investigated for many
applications, including solar cells, light-emitting diodes, photodetectors, and lasers. Herein, we report,
for the first time, successful fabrication of xerographic photoreceptors using methylammonium lead
iodide (CH3NH3zPbls) perovskite as a light-absorbing material. With the incorporation of polyethylene
glycol (PEG) into the perovskite film, the ion migration inherent to the perovskite material can be
effectively suppressed, and the resulting photoreceptor exhibits a high and panchromatic
photosensitivity, large surface potential, low dark decay, and high environmental resistance and electrical
cycling stability. Specifically, the energies required to photodischarge one half of the initial surface
potential (Eps) are 0.074 pJ cm™2 at 550 nm and 0.14 pJ cm™2
photosensitivites outmatch those of the conventionally used organic pigments having narrow spectral
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electrical field. Subsequently, the holes inject to the CTL and
drift across the CTL to discharge the device while the electrons
move to neutralize the positive countercharge residing on the

1. Introduction

Xerographic technology was invented in the 1930s by Chester
Carlson, followed by the introduction of the first xerographic
copying machine in 1949.%* This technology has caused a new
revolution in modern office copying/printing. In xerography, the
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light. A typical photoreceptor, along with the xerographic
process, is shown in Scheme 1. The photoreceptor has a multi-
layer structure composed of a charge generation layer (CGL) and
a charge transport layer (CTL) on a metallic substrate. The
photoreceptor is first charged negatively in the dark by a coro-
tron, forming a high density of charge on its upper surface with
a surface potential (Vy), which is followed by a slow decay from
dark conductivity. Upon light illumination, electron-hole (e-h)
pairs are generated and separated in the CGL with the aid of the
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discharge process of a dual-layer photoreceptor: CGL, charge
generation layer; CTL, charge transport layer. (b) Schematic of
a photo-induced discharge curve.
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substrate, leading to rapid photodischarge in the exposed areas
as shown in Scheme 1b.** For the photoreceptor, E,s, the
energy required to photo-discharge one half of the initial
potential (V;), is usually used to assess the photosensitivity of
the device. The E, 5 is the product of I and ¢, where I (uJ cm 2
s~ ") is the intensity of a certain monochromatic light, and ¢ (s) is
the corresponding time. The lower E,s value, the higher
photosensitivity.

In the early stage, inorganic semiconductor, such as amor-
phous selenium and amorphous silicon (a-Si), were predomi-
nantly used as photoconductive materials for the
photoreceptors, which were incorporated by vacuum deposition
method.>® Currently, organic pigments have been extensively
employed due to their low cost.”® However, these organic
photoconductive materials are insoluble in common organic
solvents, and must be elaborately dispersed in a solvent for the
prevention of their aggregation and precipitation. On the other
hand, organic-based photoconductors generally hold narrow
absorption bands, and thus exhibit photosensitivity only to
a specific light source."* Thus, it is of high value and consid-
erable importance to find out other CGM candidates for
simplifying the fabrication process, reducing the cost, and
elevating the device performance.

Organic-inorganic hybrid perovskite materials with a chem-
ical structure of ABX; (A: methylammonium and for-
mamidinium; B: Pb, and Sn; and X: I and Br) have attracted
tremendous attention due to their optoelectronic properties
(such as a direct and tunable band gap, a high absorption
coefficient, a long charge carrier diffusion length) as well as
solution processability.>** The fabrication of the perovskite film
based on a solution process enables a variety of relatively easy
deposition techniques, such as inkjet printing, screen printing,
and roller coating. In the recent decade, the perovskite mate-
rials have been intensely investigated for their applications in
solar cells, light-emitting diodes, photodetectors, and laser."***
These research activities inspired us to explore their application
in xerographic photoreceptors.

In this study, CH3;NH;Pbl; (MAPbI;) perovskite was
employed as a charge generation material for the fabrication of
xerographic devices. It was well known that organic-inorganic
hybrid perovskites are a class of ionic conductors with loose
crystal structures, and thus ion migration is an intrinsic prop-
erty of perovskite materials.’**® This phenomenon may be
problematic for the photoreceptors in a xerographic process,
where a high electric field (ca. 10° V cm ™) is created across the
device.” Here we found that the ion migration can be greatly
suppressed with the incorporation of polyethylene glycol (PEG)
into the perovskite film. As a result, the as-prepared perovskite
photoreceptor exhibits a high photosensitivity and a broad
spectral response with high electrical and environmental
stability.

2. Results and discussion

The perovskite photoreceptor was constructed in a dual-layer
configuration consisting of a perovskite charge generation
layer (CGL) and a triaryl amine charge transport layer (CTL).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Both the layers were sequentially coated on an aluminum
substrate by a doctor blading method. For the CGL, a mixture of
perovskite precursor and polyethylene glycol (PEG) with
a certain ratio was dissolved in dimethylformamide (DMF). The
use of PEG was expected to control the perovskite crystallization
process, and suppress its ion migration. In addition, the PEG
could improve the adhesion between the perovskite layer and
the aluminum substrate; for the CTL, a mixture of N,N,N,N-
tetrakis(4-methylphenyl)-benzidine (TPD) as a hole charge
transport material and Makrolon as a binder resin, was dis-
solved in dichloromethane. The fabrication procedure is
described in detail in the Experimental section.

The morphology of the perovskite CGL was investigated by
scanning electron microscope (SEM), as shown in Fig. 1 and in
Fig. S1 (ESIf). The pristine film without PEG comprises
dendrite-like perovskite domains on the several micrometers
long scale with large voids between them, which is consistent
with the literature reports on the similar films.>* The low surface
coverage can cause light penetrating through the surface layer,
reducing the light absorption in the CGL. Besides, the uncov-
ered areas lead to direct contact between the CTL and the
substrate, affecting the charge acceptance and photo-discharge
of the devices prepared. With the addition of PEG at a 1:1
molar ratio of PEG monomer (C,H,0) to MAPbDI;, the large
domains seemed fused, and the surface coverage was remark-
ably improved with few pinholes in the film. Increasing the ratio
to 1.5:1, the domain size was reduced significantly, and
a uniform and full coverage perovskite film was attained. No
obvious change in morphology was observed upon further
increasing the ratio up to 2 : 1 (see ESI, Fig. S1}). The results
suggested that the addition of PEG greatly improved the
morphology of the perovskite film, in accordance with the
previous reports.”>* The PEG used here as a scaffold may
enable the production of more nucleation sites and smaller
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Fig. 1 Top SEM images of the perovskite films without (a) and with
PEG (b) (perovskite : PEG = 1:1 mol/mol). (c) Cross-sectional SEM
image of a typical perovskite photoreceptor (inset: higher magnifica-
tion SEM image). (d) PIDCs of the perovskite photoreceptors without
and with PEG (perovskite:PEG = 1 : 1, mol/mol).
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perovskite grains in the film formation. The UV-vis absorption
and X-ray diffraction spectra for the above-mentioned films are
shown in Fig. S2 and S3 (ESIt).

Fig. 1c shows the cross sectional SEM image of a typical
perovskite photoreceptor, where the thicknesses of the CGL and
the CTL are ~700 nm and ~22 pm, respectively. The xero-
graphic performance of the perovskite photoreceptors was
analyzed by measuring their photo-induced discharge curves
(PIDC) under illumination at 550 nm, including the initial
surface potential (V,), the dark decay (Ry) of the surface poten-
tial, photosensitivity (E,s), and residual potential (V,). For the
perovskite devices with different amounts of PEG, the parame-
ters were listed in Table 1. It was found that all the perovskite
devices presented a high photosensitivity with Ey5 < 0.1 pJ
cm 2. However, the device based on the pristine perovskite CGL
provided only a poor set of xerographic parameters: a very low V,
of —329 V and a considerably high R4 value of 65 V s~ * albeit
with the highest photosensitivity. It should be pointed out that
a xerographic process depends mainly on the difference in
surface potentials between the exposed and unexposed areas to
create an electrostatic latent image. Thus, a high contrast
potential between the two areas is essential for the image
formation. A working photoreceptor requires a sufficiently high
surface potential (>600 V), lower dark decay (<40 V s~ '), high
photosensitivity (Eo 5 < 2 uJ cm™?), and as low residual potential
as possible.”> The high dark conductivity of the pristine
perovskite device is related to a high dark decay and a lower
surface potential, and supposed to arise from the perovskite
charge generation layer. Previous studies indicated that the
exciton binding energy of MAPbI; perovskite is on the order of
kgT (25 meV) at room temperature.”>** Such, free carriers may
prevail and flow directly under the strong electric field even in
the dark. And also, I~ and MA" ions in the perovskite layer
would migrate across the device under an electric field.>*?>*
Therefore, both the charge carriers and the mobile ions may be
responsible for the high dark conductivity in the pristine
perovskite device.

As shown in Fig. 1d, with the PEG addition (PEG : MAPDI;,
1:1 mol/mol), the surface potential of the device greatly
increased from —329 V to —721V, followed by a decrease of the
dark decay from 65 V s~' to 19 V s~'. With increasing the PEG
content of (1.5 : 1 and then 2 : 1), the surface potentials slightly
increased, accompanied by slow decrease of the photosensi-
tivity (the E, 5 is increased from 0.074 to 0.091 and 0.092 pJ
cm %), probably ascribed to the reduced conductivity of the
device due to the insulating nature of the PEG employed. Even

Table 1 Xerographic properties of the perovskite photoreceptors®
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so, the photosensitivities for all the PEG-contained perovskite
photoreceptors are several times higher than those for the
conventional organic-based devices.”*** Accordingly, it is safe to
say that the perovskite photoreceptor has the possibility to be
applied in high-speed, high-resolution copying machines.
Furthermore, the photosensitivity of the devices was investi-
gated under the illumination at 780 nm, and the xerographic
parameters were listed in Table S1 (ESIT). The optimized device
(PEG : MAPDI;, 1:1) exhibits a high charge acceptance (Vq:
—705 V), low decay (Rq: 12 V s~ ), and good photosensitivity
(Eo.5: 0.138 pJ em ™ 2). The E, 5 value is comparable to those of
phthalocyanine-based photoreceptors for printer.*** Consid-
ering the fact that the absorption coefficient of MAPbI; is rela-
tively low at 780 nm, such a photosensitivity is encouraging as
well. Further compositional engineering of perovskite materials
may improve the photosensitivity in near infrared region."* To
the best of our knowledge, very rare are the organic pigments
highly photosensitive to both the visible and near-infrared
region in xerography.” This implies that the perovskite
photoreceptors would be used in both copier and printer.

As mentioned above, the dark conductivity may arise from
both charge carriers and mobile ions of the MAPbI; film. To
make a distinction between them, the direct current (DC)
temperature-dependent conductivity was measured in the dark
for the vertical devices with structure Au/perovskite/Au (Fig. 2a).
For both the devices with and without PEG, two slopes can be
identified from each dataset, as shown in Fig. 2b. They may
correspond to two conduction mechanisms: electronic
conduction in the low-temperature region and ionic conduction
in the high-temperature region.*® The activation energy of the
electronic and ion migration can be extracted from the
temperature-dependent electrical conductivity by the Nernst-
Einstein relation:

(a) (b),[ . 01
MAPbI, w/o PEG E017¢v 4 LI
Au 4 = s} .
/FTO E -10 E,=0.74 eV
= 12F
Glass
14—
30 35 4.0 45 5.0
1000/T (k™)
Fig. 2 (a) Temperature-dependent conductivity measurement

geometry. (b) The temperature-dependent conductivity result of
MAPbI3 without and with PEG (PEG : MAPbls = 1: 1, mol/mol).

Device (PEG : MAPbL;) Vo [V] Ra[Vs] Eos [0 cm 2] Vi [V]
0:1 —329+5 65 + 1.3 0.049 + 0.001 —2+ 0.6
1:1 —-7214 3.5 19 + 0.5 0.074 + 0.003 -8+1
1.5:1 —761 + 13 18+ 2.6 0.091 + 0.002 -8+2
2:1 —780 + 14 11+ 3.5 0.092 + 0.009 —5+1

“ All photoconductive data listed in the table were measured with a corona voltage of —5 kV and a monochromatic light of 1.0 pW (A: 550 nm).
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1) = (P)exo (-2 1)
where k is the Boltzmann constant, o, a constant, and T
temperature.”” For the pristine perovskite film, a low activation
energy (E,) of about 35 meV was measured for the electron
conduction in the low-temperature region.** When temperature
was elevated to 243 K, ionic conductivity began to dominate the
total conductivity with an E, of 0.17 eV, which is comparable to
the values reported previously.**~’

For the PEG-containing perovskite film, a similar activation
energy of ~43 meV was recorded for the electron conduction,
indicating that the incorporation of PEG do not affect the
exciton dissociation significantly. But for the film with PEG,
a higher transition temperature of 300 K from the electronic to
ionic migration-dominated conduction was found with a higher
ionic conduction E, of 0.74 eV, which is about four times larger
than that for the pristine perovskite film. The results indicate
that the incorporated PEG may locate at the grain boundaries
and suppress the ion dissociation and migration via chemical
interaction and/or physical barrier. In addition, it can be found
that over the entire temperature region from 190 to 330 K, the
conductivity for the PEG-containing device is about 1 to 2 orders
of magnitude lower than that for the pristine perovskite device,
suggesting that the incorporation of PEG not only inhibits the
ion migration, but also reduces the charge carrier transfer.

To verify the presence of intermolecular interactions
between MAPbI; and PEG, Fourier-transform infrared spec-
troscopy (FTIR) was measured. As shown in Fig. S4 (ESIf), the
stretching vibration of C-O bond appears at 1050-1060 cm ™ * in
the pure PEG, and shifts to 1100-1130 cm ' in the PEG-
perovskite system. The shift may be ascribed to the formation of
a coordination bond between PEG and the perovskite by sharing
the lone pair electrons on the C-O of PEG with the empty 6p
orbital of Pb®" in the perovskite.*® Besides, hydrogen bonding
could form between MA" and O in the PEG chain.? To examine
the change in the chemical bonding states of Pb and I after the
incorporation of the PEG, X-ray photoelectron spectroscopy
(XPS) was recorded. Fig. S5a and 5b (ESIt) reveal the shifts of I
3d and Pb 4f XPS peaks of the MAPbI; after the incorporation of
PEG, further indicating the chemical interaction between PEG
and the perovskite.*

The stability of the perovskite photoreceptors was prelimi-
narily evaluated. Fig. 3a shows the photo-induced discharging
curves (PIDCs) of the PEG-based perovskite photoreceptor
(PEG : MAPDbI; = 1:1, mol/mol). The measurement was per-
formed with a repeatedly charging and photo-discharging
process for nine cycles, where the photoreceptor was charged
with a corona voltage of —5 kV, and then photo-discharged
under a 550 nm monochromatic light with an intensity of 1.0
UW cm 2. These PIDCs and the corresponding key parameters
are almost the same, suggesting their good electrical cycling
stability. We also examined the thermal and humidity stability
of the device which stayed for 30 days at a temperature of 50 °C
in an atmosphere of 40-50 RH%. It was found that its PIDC
curves (shown in Fig. 3b) and xerographic parameters (Table S2,
ESIt) remain almost unchanged.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Photo-induced discharge curves of the perovskite photo-

receptor (PEG: MAPbls = 1:1) with a repetitive charge—photo-
discharge process for nine cycles, where the photoreceptor is charged
with a corona voltage of —5 kV, and photo-discharged using 550 nm
monochromatic light with intensity of 1.0 pW cm™2. (b) PIDCs before
and after aging for 30 days at 50 °C with humidity of 40—-50 RH%.

3. Conclusions

In summary, MAPbI; perovskite was for the first time utilized as
a light-absorbing charge generation material (CGM) for xero-
graphic photoreceptor. It was observed that the incorporation of
PEG could effectively inhibited the ion migration in the perovskite
film, and improved the charge acceptance of the device. The
resultant perovskite photoreceptor exhibits an excellent set of
xerographic parameters: good and panchromatic photosensitivity,
high surface potential, low dark decay, and low residual potential.
In addition, the perovskite photoreceptor presents high electrical
cycling and environmental stability. The perovskite photoreceptor
may be applicable to copier and printer. Further studies, particu-
larly aimed at practical use, are ongoing in our group.

4. Experimental section

4.1. Materials

Lead(n) iodide (99.999%) and methylammonium iodide (>99.5%)
were purchased from Xi'an Polymer Light Technology in China.
Y-type phthalocyanin (Y-TiOPC), N,N,N,N-tetrakis(4-
methylphenyl)-benzidine (5100) was purchased from Nippon
Shizai Co., Ltd in Japan. Polycarbonate Makrolon was purchased
from Idemitsu Kosan Co., Ltd in Japan. Polymer polyethylene
glycol (PEG Mn = 20 000) was purchased from Alfa Aesar in
America. N,N-dimethylformamide (anhydrous, 99.8%), chloro-
benzene (anhydrous, 99.8%) and dichloromethane (AR, 99.5%)
were purchased from Sigma-Aldrich. Aluminum substrates were
purchased from HG Technologies Co., Ltd in China.

4.2. Fabrication of photoreceptors

All chemicals were directly used without any further treatment.
Aluminum substrates were cleaned with ultrasonic wave in
basic water, deionized water and ethanol successively. The
cleaned aluminum plates (5 x 5 cm) were dried under N,
atmosphere and then treated with oxygen plasma for 30 min
before use. CH3;NH;I and Pbl, (1:1, mol/mol) for 227 and
659 mg mL ™" solution was mixed with PEG which was dissolved
in N,N-dimethylformamide earlier (20% concentration) and
stirred in N,N-dimethylformamide at 60 °C for 3 h. The molar
ratio of PEG monomers (C,H,0) to ultimate product MAPbI; is

RSC Adv, 2021, 11, 21754-21759 | 21757
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from 0 : 1 to 2 : 1. The resulting solution was then coated onto
the aluminum substrate by doctor-blade coating method. The
thickness of perovskite film is around 700 nm. Then the
perovskite-coated plate was dried on a hot plate at 60 °C for
45 min and at 105 °C for 70 min, respectively, in a nitrogen filled
glove box. The CTL solution was prepared by mixing 6.7 g of
$100, 8.3 g of Makrolon and 85 g dichloromethane, which was
stirred for at least 12 hours. After the plate was cooled to room
temperature, the CTL solution was coated upon the perovskite
layer using doctor-blade coating method in ambient air. Then
the sample was dried on a hot plate at 95 °C for 45 min. The
thickness of CTL layer is around 22 um.

4.3. Characterization

Photo-induced discharge curves (PIDCs) of the perovskite
photoreceptors were measured by an EPA-8200 electrostatic
paper analyzer. The scan area was 3.14 cm® (® 2 cm). For each
charge-discharge cycling, the sample undergoes five processes:
pre-exposure (4 s), charging (2 s), dark holding (2 s), exposure (2
s), and rest (5 s). The corona voltage for charging and mono-
chromatic light for exposure was fixed to —5 kV and 1.0 pW
(light: 780 nm and 550 nm), respectively. From these PIDCs, the
values of the initial surface potential (V,, charged by the
corona), the surface potential decay in dark (Rq), and the real
surface potential just before exposure (V; = V, — Ry), the expo-
sure energy for surface potential decrease to a half of V; (Ey s),
and residual potential after exposure (V;) can be derived.

The direct current (DC) temperature-dependent conductivity
of the perovskite films were measured using a variable-
temperature probe station equipped with a Keithley model
2400 digital source meter. The perovskite devices were
measured in the dark for the vertical devices with structure Au/
perovskite/Au to better consistency with normal working
condition. The electrodes area and thickness were 0.04 cm” and
700 nm, respectively. The perovskite devices were first cooled
down to 193 K, and their resistances were then measured after
being heated to each target temperature (5 K min~' heating
rate) and stabilized for 5 min.

The surface and cross-section morphology of the perovskite
thin films were examined by scanning electron microscopy
(SEM, S-4800). The X-ray diffraction (XRD) measurements were
using an X-ray diffractometer (Rigaku, D/MAX RINT-2500) with
Cu Ka radiation (A = 1.54 A) at a speed of 2° min '. The
absorption spectra were collected using a UV-vis spectrometer
(SHIMADZU, UV-1800 UV-vis Spectrophotometer) in the wave-
length range of 300-850 nm. The Fourier-transform infrared
spectroscopy (FTIR) spectra were measured using BRUKER
TENSOR 27 infrared spectrometer. X-ray photoelectron spec-
troscopy (XPS) were performed on the Thermo Scientific
ESCALAB 250Xi using 200 W monochromated Al Ko radiation,
and 500 pm X-ray spot was used for XPS analysis.
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