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SPECIAL TOPIC — Photodetector: materials, physics, and applications

Fullerene-based electrode interlayers for bandgap tunable
organometal perovskite metal-semiconductor—-metal
photodetectors*

Wen Luo(¥ ), Li-Zhi Yan(j5]37&), Rong Liu(XZ€), Tao-Yu Zou(ZR#% M), and Hang Zhou(H i)
School of Electronic and Computer Engineering, Peking University Shenzhen Graduate School, Shenzhen 518055, China

(Received 10 January 2019; revised manuscript received 27 February 2019; published online 19 March 2019)

Perovskite photoconductor-type photodetector with metal-semiconductor—-metal (MSM) structure is a basic device for

photodetection applications. However, the role of electrode interlayer in MSM-type perovskite devices is less investigated
compared to that of the pin diode structure. Here, a systematic investigation on the influence of phenyl-Cg-butyric acid
methyl ester (PCBM) and indene-Cg bisadduct (ICBA) interfacial layers for MSM perovskite photodetectors is reported.
It is found that the fullerene-based interlayer significantly enhances the photocurrent of the MSM photodetectors. On one

hand, the PCBM interlayer is more suitable for CH;NH3Pbl3 photodetector, with the responsivity two times higher than

that of the device with ICBA interlayer. The ICBA layer, on the other hand, becomes more effective when the band gap of
perovskite is enlarged with bromine composition, denoted as CH3NH3Pb(I; _,Bry)3 (0 < x <1). It is further found that the
specific detectivity of photodetectors with ICBA interlayer becomes even higher than those with PCBM when the bromine

compositional percentage reaches 0.6 (x > 0.6).

Keywords: interlayer, perovskite, photodetectors

PACS: 78.56.—a, 78.66.Db, 78.66.5q, 78.66.Tr

1. Introduction

Organolead halide perovskite materials (MAPbX3, MA

is short for CH3NH3;, X =I, Br or Cl) have attracted

tremendous research efforts in the fields of solar cells,[!=!

"Vin re-

photodetectors, ! light-emitting diodes, ! and lasers!
cent years, due to their outstanding properties, such as ease of
fabrication, high optical absorption coefficient, tunable opti-
cal bandgap, and long charge carrier diffusion length.[3-19 In
particular, high gain and low noise perovskite photodetectors
for ultraviolet (UV)/visible (Vis) light detections have been
previously reported with comparable performance to silicon

ILI21 Tt has been found that perovskite pho-

13]

photodetectors. |
todetectors are very sensitive to high energy x-ray photons, !
with sensitivities outperforming their inorganic counterparts,
such as a-Se and CdTeZn materials.

Conventionally, perovskite photodetectors are cataloged
into three types: p—i—n photodiode, metal-semiconductor—
metal (MSM) photoconductors, and phototransistors. For p—i—
n perovskite photodiodes, electrode interlayers acting as a hole
transporting layer or electron transporting layer are critical to
the success of the device operation. For example, fullerenes

derivatives phenyl-Cg;-butyric acid methyl ester (PCBM) are

DOI: 10.1088/1674-1056/28/4/047804

usually adopted in p—i—n type photodiode or solar cell device
for electron extractions.!!*!3] For MSM photodetectors made
by inorganic semiconductors, such as silicon, the interlayer is
less studied as a large electric field can be applied in these
devices to overcome the Schottky barrier for carrier extrac-
tions. However, for the perovskite MSM device case, a large
electric field will inevitably induce ion mobilization and mate-
rial instability.[lé] Even worse, MAPbX3 materials are found
to react with many metal electrodes, such as Ag, Al, and
even Au, which further leads to large leakage current and de-
vice instability.['”] In fact the tunable bandgap of MAPbX;3
raises further considerations on the work function difference
between metal and the semiconductor. It is, therefore, nec-
essary to investigate the electrode interlayers to achieve high-
performance stable MSM-type perovskite photodetector. 817!

In this study, a systematic investigation on how the
fullerene-based electrode interlayers affect the MSM per-
ovskite photodetector (Fig. 1(a)) performance has been con-
ducted. Fullerenes derivatives are frequently used as electron-
transporting layers (ETLs) in perovskite solar cells.?0-2!]
Here, we introduce two types of fullerene derivatives,
i.e., phenyl-Cg;-butyric acid methyl ester and indene-Cgg

bisadduct (ICBA), as interfacial materials for the MSM per-
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Guangdong Province, China (Grant No. 2018A030313332), and the Fund from Shenzhen Science and Technology Innovation Commission, China (Grant
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ovskite photodetectors. The lowest unoccupied molecular or-
bital (LUMO) of the PCBM and the ICBA below the vac-
uum energy level has been previously reported to be 3.9 eV

2223 This is particularly interesting

and 3.7 eV, respectively. !
from the band alignment point of view, as the band gap of
MAPbD (I;_,Bry)3 (0 < x < 1) can be continually adjusted from
1.5eV (x=0) to 2.3 eV (x = 1) with x ratio. As shown in
Fig. 1(b), the conduction band of the tunable bandgap per-
ovskite may vary from ~ 3.3 eV to ~ 3.9 eV,1?#?3] depend-
ing on the percentage of the Br substitution of I in the per-
ovskite thin film. The charge transfer efficiency at the per-
ovskite/PCBM or perovskite/ICBA interface has been eval-
uated by photoluminescence (PL) measurement and electro-

chemical impedance spectroscopy (EIS) measurement.

2. Materials and methods
2.1. Materials

Pbl, was purchased from Alfa Aesar. CH3NH;3I, PbBr»,
and CH3NH;3Br were purchased from Xi’an Polymer Light
Technology Corp. PCBM and ICBA were purchased from
Lumtec. To prepare the perovskite precursor solution, a 40-
wt% solution of MAPbI3 was synthesized by mixing Pbl, and
CH3NH3I in a 1 : 1 molar ratio in N, N-dimethylformamide
(DMF). PbBr, and CH3NH;3Br were dissolved in DMF at a
1 : 1 molar ratio with the concentration of 28.5 wt% denoted
as MAPDBr3 precursor. Solutions of 20 mg/mL of PCBM or
ICBA were synthesized by dissolving PCBM or ICBA in 1,2-
dichlorobenzene, respectively. All the solutions were heated at
70 °C for 12 h inside a nitrogen-filled glove box. The desired
MAPbH(I;_,Br,)3 (0 < x < 1) precursors were made by stoi-
chiometric mixing of MAPbI3 and MAPbBr3 precursors and
stirred at 70 °C for 1 h.

2.2. Device fabrication

Glass substrates (D-I001) were cleaned subsequently in
deionized water, acetone, and ethanol in an ultrasonic bath for
15 min, followed by nitrogen flow drying. Then, the substrates
were subjected to ultraviolet ozone treatment for 10 min be-
fore transferring to a glove box. The perovskite precursor so-
lutions were spin-coated on the glass substrate at 3000 rpm
for 40 s, with chlorobenzene anti-solvent treatment during the
spin-coating process to slow down the crystallization speed of
perovskite to achieve smooth compact thin films.[?°! Next, the
substrates were heated on a hot plate at 100 °C for 10 min. The
PCBM and ICBA solutions were then spin-coated on the sub-
strate at 2000 rpm for 40 s. Finally, the Au electrode (50 nm)
was thermally evaporated on the substrates via a shadow mask.
The channel length ranges from 40 pum to 100 pm with the
channel width/length ratio of ten. The effective area in our
work ranges from 1.6 x 10* um? to 1 x 10° pm?.

2.3. Device characterization

The scanning electron microscopy (SEM) images were
obtained from a TESCAN field-emission SEM. The x-ray
diffraction (XRD) pattern data was collected from a Bruker
D8 advanced diffractometer with nickel-filtered Cu Ko radi-
ation (1.5406 A) operating at 40 kV and 40 mA. The opti-
cal absorption of films was examined by UV-Vis absorption
and transmission spectra (UV-2600, Shimadzu). The electri-
cal characteristics of the photodetectors were tested using Ag-
ilent B1500 semiconductor parameter analyzer, equipped with
a supercontinuum laser source (SC-PRO) and a wavelength se-
lecting module (AOTF-Pro). Photoluminescence spectra were
obtained using a 1-K series He—Cd laser. Electrochemical
impedance spectroscopy measurement was conducted using
an electrochemical workstation (CHI660E, Chenhua).

3. Results and discussion

A typical MAPDI3 surface morphology is shown in
Fig. 1(c). The fabricated perovskite thin film is comprised of
grains of several hundred nanometers, the size of which is sim-
ilar to the perovskite film used in high-efficiency solar cells.
The smooth thin film surface is beneficial for the formation of
compact fullerenes layers via a spin coating technique. To de-
termine the components of the perovskite, the x-ray diffraction
patterns of the MAPDI; layers are shown in Fig. Al(a) in Ap-
pendix A. Moreover, UV-Vis absorption spectra of MAPbI3,
ICBA, PCBM, MAPbDI3/ICBA, and MAPbI3/PCBM films are
given in Fig. Al(b). The spectral results confirm that the
fullerenes layers have an insignificant contribution to the light
absorption.

As shown in Fig. 2(a), the color of MAPb(I;_,Bry)3
changes from dark brown for MAPbI; (x = 0) to yellow for
MAPDbBr; (x = 1). All MAPb(I;_,Br,); perovskite films are
smooth and compact as shown in Fig. 2(b). The SEM im-
ages in Fig. 2(b) reveal that the morphology of perovskite thin
film is significantly influenced by the I and Br ratio. As the
Br content in MAPb(I; _,Br, )3 increases, the perovskite thin
film tends to form a high-quality MAPb(I; _,Br, )3 film with a
larger crystal size. The observation of larger grain size with
increase Br content is consistent with previous reports, 30311
which may be explained by the Ostwald ripening process. Fig-
ure 2(c) exhibits a systematic shift of the absorption band
edge to shorter wavelength with increasing Br content in
MAPb(I;_,Br,)3. Meanwhile, the devices are measured un-
der the wavelength of 500 nm in our research. Figure A3(a)
exhibits x-ray diffraction patterns monitored in the 26 range
of 28°-31° for MAPb(I;_,Bry)3. The peak shifting towards
larger diffraction angles suggests a decrease of the lattice con-

stant, confirming the formation of I and Br hybrid perovskite.

047804-2



Chin. Phys. B Vol

28, No. 4 (2019) 047804

(a)

PCBM
MAPb(I, Br,),

glass

200 nm

Current/107% A

—3.38 eV
(b)
—3.74 eV
—3.93 eV 3.95 eV
<
m
9 Au
—5.10 eV
—5.43 eV
—5.68 eV
_5.85 ey —5.80eV
64— MAPbIS/PCBM light

—— MAPDL/ICBA light
4 {—— MAPbBI /PCBM dark
—— MAPbI,/ICBA dark

_4 -
ON/OFF (MAPbI/PCBM) =49
64 (d) ON/OFF (MAPbI /ICBA) =26
—4 -2 0 2 4

Voltage/V

Fig. 1. (a) Schematics of MAPb(I;_,Bry)3 (0 < x < 1) photodetector with fullerene-based interfacial layer. (b) Schematics of the energy diagram of
perovskite, ICBA, and PCBM before contact. (c) The SEM image of the surface morphology of an MAPbI3 thin film; the scale bar is 200 nm. (d) The I-V
characteristics of devices in the dark and under light illumination at 500 nm with an intensity of 2 mW/cm?.

To investigate the influence of fullerene-based interlay-
ers, perovskite photodetectors with different interlayers were
measured under the dark and the illuminations condition. As
shown in Fig. 1(d), it is found that the MAPbI3; photodetector
with the PCBM interlayer exhibits higher photocurrent than
the device with ICBA interlayer. Moreover, the photocur-
rent of the device with interlayer is about one order of mag-
nitude larger than the device without interlayer as shown in
Fig. A2(a). On the other hand, the channel length will signif-
icantly influence the responsibility, as revealed in Fig. A2(b).
For photodetector based on PCBM and ICBA interface layer,
as the channel length increases, the responsibility increases.
Moreover, the device with PCBM interlayer has higher re-
sponsivity, achieving a responsivity of 100.8 mA/W when the
channel length is 40 pm, which is comparable to the previ-
ously reported perovskite photoconductor.!?’-2%! For different
channel lengths, the device with PCBM interlayer has higher
responsivity, achieving a responsivity of 100.8 mA/W when
the channel length is 40 um (Fig. A2(b)). This could be at-
tributed to better alignment between the conduction band of
MAPDI; and the LUMO level of the PCBM, which facilitates
the photo-generated electron extraction at the MAPbI;/PCBM
interface. In contrast, there is a barrier of about 0.19 eV at the
MAPDI3/ICBA interface. It is worth noting that photodetec-
tors with fullerene-based interlayer give a similar dark current
level, which is ~ 1 nA when biased at 5 V.

The photocurrent of MAPb(I;_,Bry)s/fullerenes pho-
todetectors is shown in Fig. 2(d). The photocurrent is mea-
sured under an illumination intensity of 2 mW/cm? at 500 nm
and under 5-V bias.

ally as the Br content increases in MAPb(I;_,Bry)3, which

The photocurrent decreases gradu-

is consistent with the trend of light absorption coefficient
shown in Fig. A3(b). The inserted table in Fig. A3(b)
presents the absorptivity changes from 0.0218 nm~! (x = 0)
to 0.0074 nm~! (x = 1).
MAPD(I; _Bry)s/fullerenes photodetectors decrease as the Br

While all the photocurrents of

content increases, the photocurrent of photodetectors with
PCBM interlayer decreases faster than that with ICBA inter-
layer. As a result, the photodetectors with ICBA interlayer ex-
hibit larger photocurrent than that with PCBM interlayer when
x is larger than 0.8.

Accordingly, the responsibility R is the generated pho-
tocurrent per unit power of the incident light on the effective
area and can be expressed as (I, — Iy)/PopiS, where I, is the
photocurrent, Iy is the dark current, Py is the incident-light
intensity, and S is the effective illuminated area.[*>33! The spe-
cific detectivity D* is the ability of a detector to detect weak
optical signals and can be estimated from A'/2R/(2ql4)1/2,
where A is the effective area of the device, ¢ is the electronic
charge, and R is the responsivity.[*>33 The responsivity and
specific detectivity of the photodetectors at different Br con-
tents are calculated and shown in Fig. 2(e). The responsiv-
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ity of the MAPb(I;_,Bry)3/ICBA photodetector has become
slightly higher than that of MAPb(I;_,Br,)3/PCBM photode-
tector when x is lager than 0.8.

Remarkably, it is worth noting that the specific detectivity
of MAPDb(I; _,Bry)3/ICBA has become much higher than that
of MAPb(I;_,Br,)3/PCBM when x is larger than 0.6. This
fact suggests that the ICBA interlayer could help to effectively

extract the photogenerated electrons while maintaining a suf-
ficient low dark current in the wide bandgap perovskite pho-
todetector. The ON/OFF ratio of the MAPb(I;_,Br,)3/ICBA
and MAPb(I,_,Br,)3/PCBM photodetectors is plotted in
Fig. 2(f), which also shows a turning around x = 0.6 where the
ICBA interlayer provides the device with a higher ON/OFF
ratio.
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Fig. 2. (a) Photographs of three-dimensional (3D) MAPb(I;_,Br,)3 (0 <x < 1) films on glass substrates. (b) The SEM images of MAPb(I;,_,Br, )3 films; the
scale bar is 200 nm. (c) The absorbance of the MAPb(I; _,Br, )3 films. The dotted line represents the illumination wavelength (500 nm) in our measurement.
(d) Photocurrent of MAPb(I;_,Br,)3 (0 < x < 1)/fullerenes photodetectors when biased at 5 V under light illumination at 500 nm with an intensity of
2 mW/cm?. (e) Responsivity and specific detectivity and of MAPb(I;_,Bry)s/fullerenes photodetectors. (f) ON/OFF ratio of MAPb(I;_,Br,)s/fullerenes

photodetectors.

We further investigate the transient response of photode-
tectors with PCBM and ICBA as electrode interlayers to a S00-
nm incident light with a light intensity of 2 mW/cm? at 5 V.
In Fig. 3(a), the photodetector with PCBM as the electrode in-
terlayer shows a stronger photoresponse to incident light with
a steady photocurrent of ~ 5 x 1073 A, which is almost 2.5
times larger than that with ICBA as the electrode interlayer,
in which the steady photocurrent is ~ 2 x 1073 A. Figure 3(b)
reveals the fast photoresponse of the photodetector to incident
light with a rise time of < 25 ms and a fall time of < 50 ms,

which is limited by our measurement equipment.

To examine the carrier extraction efficiencies of differ-
ent fullerene-based materials, the photoluminescence spectra
are measured and presented in Fig. 4. The PL intensity of
perovskite is quenched after the deposition of the fullerenes
layer, indicating an effective charge transfer from perovskite
to fullerenes layer. The quenching efficiency of luminescence
in ICBA interlayered MAPbBr3 device is higher than that of
PCBM interlayered device (Fig. 4(a)), in contrast to that of
MAPbDI3-based luminescence (Fig. 4(b)).
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Fig. 3. (a) Transient response of photodetectors with different fullerene-
based interfacial layers to a 500-nm incident light with a light intensity of
2 mW/cm? at 5 V. (b) Photocurrent rise and fall time of the devices.

The E. of MAPbBr3; perovskite is —3.3 eV,**l while the
LUMO for ICBA and PCBM is —3.7 eV1®! and —3.9 eV13%
respectively, which indicates that the ICBA may serve as a
more suitable interlayer for MAPbBr3 perovskite to efficiently
transfer photogenerated electron, due to the energy level
matching at interfaces between the ICBA and MAPbBr3 per-
ovskite. In contrast, E. of MAPbI;3 perovskite is —3.9 eV;[34]
thus, the PCBM becomes a better choice as the electron trans-
port for MAPDI3. It has been previously reported that the cor-

@ |—MAPbBr,
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~
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responding E. of MAPb(I;_,Bry)3 is —3.9 eV, —3.6 eV, and
—3.3¢V,B34 respectively, for the x value of 0, 0.33, and 1. This
implies that when the ratio of Br is over 0.33, the LUMO level
of the ICBA gets closer to E of the perovskite than that of
PCBM. 134

To further investigate the charge transport and recombi-
nation of perovskite photodetectors with different fullerenes
interlayers, the electrochemical impedance spectroscopy of
perovskite/fullerenes photodetectors was carried out under a
dark condition with a sandwich structure (indium—tin—oxide
(ITO)/perovskite/PCBM or ICBA/Au) measured with a bias
of —1 V.I37-3%1 Meanwhile, the effective measurement area of
our device is 0.04 cm?. The EIS is a technique for investigating
the interfacial charge transfer properties of the photovoltaic
cell. The equivalent circuit model is similar to other reports
with p—i—n structure.*’! The results are shown in the Nyquist
plot, the real component (Z') is the abscissa axis and the imag-
inary part (Z") is the vertical axis. The data is fitted into an
equivalent circuit, as shown in the illustration in Fig. 4(c).
In the model circuit, the series resistance R represents the
contact resistance from both electron and hole transport lay-
ers. The low-frequency arc in the Nyquist plots is associated
with the recombination resistance, in parallel with a chemi-
cal capacitance.[41] As the results shown in Fig. 4(c), Ryec of
MAPbBr3/PCBM is 1.5 x 10° Q and R,e. of MAPbBr3/ICBA
is 8.9 x 10> Q. The larger R, suggests the suppression of
recombination of electron and hole due to efficient carrier ex-
traction. Meanwhile, as shown in Fig. 4(d), MAPbI:/PCBM is
larger than MAPbI3/ICBA on Ry, which indicates that PCBM
is more suitable for MAPbIs/fullerenes photodetector. These
results agree with photoluminescence.
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Fig. 4. (a) Comparison of photoluminescence spectra of MAPbBr3, MAPbBr3/ICBA, and MAPbBr3/PCBM. (b) Comparison of photoluminescence spectra
of MAPbI3, MAPbI3/ICBA, and MAPbI3/PCBM. (c) Electrochemical impedance spectroscopy of MAPbBr3/fullerenes photodetector; the illustration shows
the equivalent circuits of perovskite/fullerenes photodetector. (d) Electrochemical impedance spectroscopy of MAPbIs/fullerenes photodetector under a dark

condition.
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4. Conclusions

In summary, we have proposed a strategy to enhance
the performance of organometal perovskite photodetector
by using interlayers to improve the charge injection at the
metal/organic interface. The MAPbI3 photodetector with
PCBM interlayer demonstrates much better performance
than that with ICBA interlayer, reaching a responsivity of
100.8 mA/W. We have also demonstrated that the photocur-
rent of MAPb(I;_,Br,)3/fullerenes decreases as the Br con-
tent increases, and the MAPb(I;_,Br;); photodetector with
ICBA interlayer exhibits better performance compared to that
with PCBM interlayer when x is no less than 0.8. To illus-

trate these results, accumulation and transport of carriers of
the perovskite devices with two fullerene-based interlayers are
investigated by PL spectra and EIS. We find that it is eas-
ier for carriers to transport and more difficult for exciton to
recombine for MAPbBr3 photodetector with ICBA interlayer
compared to that with PCBM interlayer, which is opposite in
MAPDI;3/fullerenes photodetector.

Appendix A

The following figures show the x-ray diffraction pat-
terns, photocurrent of the devices, and the absorptivity of
MAPb(Il_XBrx)3 films.
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Fig. Al. (a) XRD patterns of MAPbI3, MAPbI3/PCBM, and MAPbI3/ICBA. (b) The absorbance of the MAPbI3 and MAPbIs/fullerenes layers.
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