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a b s t r a c t

Organic-inorganic hybrid perovskites have attracted more attention as successful light harvesting ma-
terials for solution-processed semiconductors and exhibit remarkable optoelectronic properties. Here
photomultiplication-type photodetectors based on perovskite CH3NH3PbI3 are demonstrated. By intro-
ducing suitable interlayers at the CH3NH3PbI3/electrode interfaces, the performance of the photodetector
is significantly improved. The optimized device with a N,N0-di(naphthalene-1-yl)-N,N0-diphenylbenzi-
dine anode interface layer and [6,6]-phenyl-C60-butyric acidmethyl ester cathode interface layer shows a
broadband response with a high photocurrent gain of about 177 and a high detectivity of 4.6 � 1013

Jones, which are higher than the reference device. Besides, the response speed of the device is also
increased. The improvement is attributed to the improved charge carrier collection efficiency and sup-
pressed dark current of the device.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Photodetectors are the tools which can capture incident light and
convert it into electronic signals, the light absorptionmaterial is thus
critical for the devices. Recently, rapid progresses have beenmade in
organic-inorganic perovskite solar cells [1e7], reaching a certified
power conversion efficiency of 22.1% [8]. The organometal halide
perovskitematerialswith layered structure present the properties of
inorganic semiconductor materials and organic materials at the
same time, and the cooperation of organic and inorganic compo-
nents could greatly enhance the properties for each other. They do
not only have the inorganic material properties of ultrafast charge
generation, high mobility, and long charge carrier lifetime, but also
enjoy the organic properties of easy fabrication and no deep-level
defects. Semiconductor photodetectors with organiceinorganic
halide perovskite materials which have high light absorption co-
efficients, large static dielectric constants (40e70) [9,10], high free
carrier mobility [11], a partially tunable energy gap around 1.6 eV
[12,13], and long diffusion lengths [3,14e18] have many important
applications in both industry and defense as well as scientific
research [19e23]. Generally, there are typically two types of perov-
skite photodetectors, e.g., photodiode- and photomultiplication
(PM)-types. For a photodiode-type photodetector, the external
quantum efficiency (EQE) is generally lower than unity due to their
limited light absorption efficiency, electron-hole pair (or exciton)
dissociation efficiency, and charge-carrier collection efficiency
[24e26]. On the other hand, the PM-type photodetector exhibits an
EQEmuch higher than unity due to themechanism that one incident
photon can trigger more than one hole (or electron) flowing across
the photodetector, indicating that a photocurrent gain of this device
[27,28]. Due to their high responsivity and detectivity, PM-type
perovskite photodetectors have drawn more and more attention
recently [20,29]. Moehl. et al. observed a strong photocurrent
amplification in a perovskite solar cell [30], and a direct contact of
fluorine-doped tin oxide and perovskite is essential for the photo-
current amplification [31]. Dong et al. demonstrated a high photo-
current gain of about 500 in a perovskite photodetector by
introducing a large concentration of Pb2þ cations in the top surface of
the perovskite film [20]. Meanwhile, Liu et al. reported a perovskite
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photodetector with a photocurrent gain of about 45 through incor-
porating PbS quantum dots as the electron trap states [32]. Although
high performance perovskite photodetectors have been demon-
strated, their performance should be further improved for practical
applications.

Oneof the factors that limit the performance of a photodetector is
its dark current. The dark current can be controlled by the interface
layer between the perovskite film and electrode. Thus appropriate
choice of electrode interlayers is critical to improve the performance
of perovskite photodetectors [21,26,33]. Besides, the charge carrier
collection efficiency can also be modulated by the interface layers.
Such a strategy has been demonstrated in photodiode-type perov-
skite photodetector [34]. However, it has never been exploited in
PM-type counterparts. In this work, PM-type perovskite photode-
tectors based onCH3NH3PbI3 (MAPbI3) are fabricated,which shows a
broad spectral response ranging from300 to 800nm. ByaddingN,N0-
di(naphthalene-1-yl)-N,N0-diphenylbenzidine (NPB) and [6,6]-
phenyl-C60-butyric acidmethyl ester (PC60BM) as the anode interface
layer and cathode interface layer, respectively, the photodetector
exhibits a low dark current and thus increased photocurrent gain of
about 177 and detectivity of 4.6 � 1013 Jones at �1 V.
2. Experimental detail

Three photodetectors with the structures shown in Fig. 1a were
fabricated:

PD1: ITO/MAPbI3/TAPC/MoO3/Ag
PD2: ITO/PC60BM/MAPbI3/TAPC/MoO3/Ag
PD3: ITO/PC60BM/MAPbI3/NPB/MoO3/Ag

Here ITO is the cathode, PC60BM is the cathode interface layer,
MAPbI3 is the active layer, the NPB or di-[4-(N,N-ditolyl- amino)-
phenyl]cyclohexan (TAPC) is the anode interface layer, MoO3 is
used for anode modification, and Ag is the anode. The MAPbI3
layers were prepared by a two steps spin-coating method similar to
the literature [20]. PbI2 was dissolved in anhydrous N,N-dime-
thylformamide to give a concentration of 600 mg/ml and the
CH3NH3I (MAI) was dissolved in 2-propanol to obtain a concen-
tration of 43 mg/ml. ITO coated glasses were ultrasonically cleaned
with acetone, ethanol, and deionizedwater for 15min, respectively,
and then treated with ultraviolet-ozone for 15 min before
Fig. 1. (a) Device structure and (b) energy
fabrication of the photodetectors. PC60BM with a concentration of
10 mg/ml dissolved in chlorobenzene solution was coated on ITO
glass at 2000 rpm for 30 s, which formed a layer of about 80 nm.
Then the PbI2 solution was spun on ITO substrate at 3000 rpm for
60 s and dried at 70 �C for 5 min. The MAI solutionwas spun on top
of dried PbI2 film at 3000 rpm for 60 s and then annealed at 100 �C
for 1 h, which formed MAPbI3 layers with different thicknesses
depended on the substrates. The device fabrication processes above
were done in a nitrogen filled glovebox (<0.1 ppm H2O and O2).
Subsequently, TAPC or NPB film (6 nm), 12 nm MoO3, and 100 nm
Ag were thermally evaporated sequentially on the MAPbI3 layers
under a pressure of 5.0 � 10�4 Pa. The photoactive area of the de-
vices is 6 mm2 as defined by the cross-bar configuration of the
2 mm wide ITO electrode and the 3 mm wide Ag electrode. X-ray
diffraction (XRD) patterns were collected on a Bruker D8 Focus
diffractometer with a Cu Ka radiation (l ¼ 1.54056 Å) operated at
40 kV and 40 mA. Scanning electron microscopy (SEM) images
were measured on a Hitachi S4800. Absorption spectra of the films
on ITO-coated glass substrates were recorded with a Shimadzu UV-
3101PC spectrophotometer. EQE spectra were performed with a
Stanford SR803 lock-in amplifier under monochromatic illumina-
tion at a chopping frequency of 130 Hz by a Stanford SR540
chopper. Current-voltage (J-V) curves of the devices in the dark and
under illumination were measured with a Keithley 2400
sourcemeter.
3. Results and discussion

The morphologies of the MAPbI3 films on ITO and ITO/PC60BM
are shown in Fig. 2a and b. The two MAPbI3 films have almost the
same dense, homogeneous, and smooth morphology, indicating
that the PC60BM layer has little effect on the morphology of MAPbI3
films, and the average grain size is about 400 nm. On contrast, the
two films exhibit different thicknesses, as shown in the cross-
sectional SEM images in Fig. 2c and d. The thickness of MAPbI3
film on ITO is about 550 nm, while the total thickness of PC60BM
and MAPbI3 film is 520 nm. This indicates MAPbI3 film on PC60BM
has a lower thickness, which is attributed to the different rough-
ness and surface properties of ITO and PC60BM.

The XRD patterns of the two films are depicted in Fig. 3. Simi-
larly, the two films also exhibit the same XRD pattern with no
obvious impurity, indicating that the PC60BM film has no impact on
level diagram of the photodetectors.



Fig. 2. SEM images of the surface of MAPbI3 overlayers on the top of (a) ITO and (b) ITO/PC60BM and Cross-sectional SEM images of the MAPbI3 films on (c) ITO and (d) ITO/PC60BM.

Fig. 3. XRD patterns of the MAPbI3 films on (a) ITO and (b) ITO/PC60BM.

Fig. 4. Absorption spectra of PC BM and the MAPbI films on ITO and ITO/PC BM.
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the crystallizing of MAPbI3 film. The diffraction peaks at 14.17�,
28.49�, and 43.27�can be assigned to the (110), (220), and (330)
planes of MAPbI3, respectively. The XRD patterns confirm a high
degree of crystallinity and orientation of the MAPbI3 films, which
are similar to those reported for MAPbI3 crystallized in the
tetragonal perovskite structure with lattice parameters of
a ¼ b ¼ 8.88 A�and c ¼ 12.68 A�[35e37].
The absorption spectra of the MAPbI3 films on ITO and ITO/

PC60BM are displayed in Fig. 4, for reference, the absorption of
PC60BM is also provided. It can be found that PC60BM primary
absorb at shorter wavelength and MAPbI3 films have a broad ab-
sorption band from 300 to 800 nm. However, the MAPbI3 film on
ITO has a little higher absorption at longer wavelength than that on
60 3 60



Fig. 6. (a) Spectral responsivity and (b) EQE spectra of the photodetectors at zero bias.
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ITO/PC60BM, which is attributed to its higher thickness of the
MAPbI3 film. Meanwhile, the increased absorption of the PC60BM/
MAPbI3 films at shorter wavelength is contributed to the absorp-
tion of PC60BM.

Fig. 5 presents the dark current of the three photodetectors.
Their dark currents are drastically different in the bias ranging
from �1 to 1 V. Among the devices, PD1 shows the highest dark
current in the negative voltage region. The dark current is
decreased in PD2 with an additional PC60BM layer, and it is further
decreased when replacing TAPC with NPB. Meanwhile, PD3 has the
highest dark current in the positive voltage region. As a result, PD3
exhibits the highest rectification ratio of about 100 at ±1 V while it
is only about 10 for both PD1 and PD2. MAPbI3 is a bipolar trans-
porting material [38], and the introduction of PC60BM between ITO
and MAPbI3 effectively avoids the direct transport of holes to ITO
electrode and suppress the leakage current. Besides, from the en-
ergy level diagram shown in Fig.1b, the highest occupiedmolecular
orbital (HOMO) level of PC60BM is lower than that of MAPbI3,
resulting in a lower dark current of PD2 and PD3 in negative voltage
region. On the other hand, MoO3 can form a charge transfer com-
plex with NPB, increasing the number of holes in the HTL [39].
Besides, the HOMO level of NPB is lower than TAPC. These effects
result in a lower hole injection or extraction barriers and hence a
higher dark current of PD3 at positive voltage region. These results
indicate that the dark current of perovskite photodetectors can be
efficiently suppressed by incorporating suitable interface buffer
layers. Evidently, the dark current of a photodetector should be as
low as possible to increase weak optical signal detection ability.

The spectral responsivity (R) indicates howefficient the detector
responds to an optical signal and it is defined as the ratio of the
photocurrent to the incident light intensity:

R ¼ Jph
Llight

(1)

where Jph is the photocurrent and Llight is the incident light in-
tensity. Fig. 6a plots the responsivity of the photodetectors at zero
bias. As can be seen from the figure, all the three photodetectors
present a broad response in the visible region, which is nearly
consistent with the absorption spectrum of MAPbI3. Besides, the
three photodetectors reveal almost the same sharp of response
spectrum, indicating that the absorptions of the interlayers have no
contribution to the photocurrent of the devices. On the other hand,
the responsivity of PD2 with an additional PC60BM layer is higher
than PD1 in the whole response region, and the responsivity is
Fig. 5. Dark current of the photodetectors.
further improved for PD3 by replacing TAPC with NPB. The
maximum responsivity of PD1 is 157 mA/W at 745 nm, while it is
171 and 207 mA/W for PD2 and PD3, respectively. The EQE spectra
of the three devices are shown in Fig. 6b. Correspondingly, PD3 has
the highest EQE in the whole response region among the three
devices. This increased response can be attributed to the improved
excition dissociation efficiency and charge carrier collection effi-
ciency [40,41].

To evaluate their performance at higher negative voltage, pho-
tocurrents of the devices are measured under illumination of a
550 nm light with an intensity of 257 mW/cm2. As expected, PD3
has the highest photocurrent at zero bias. The photocurrent of the
devices increase fast at low voltage and then gradually increases
with applied negative voltage, as shown in Fig. 7. A high photo-
current of 20.24 mA/cm2 is observed for PD3 at �1 V, suggesting an
ON/OFF current ratio in the orders of 103 when compared with its
dark current. Correspondingly, the EQEs also increase fast at low
voltage and exceed 100% at a voltage lower than �0.1 V. An EQE
higher than 100% indicates a photocurrent gain of the device. A
highest EQE of 1.77 � 104% is found for PD3 at �1 V, corresponding
to a photocurrent gain of 177, which is one of the highest values
among the reported perovskite photodetectors [20,42,43]. As
mentioned above, MoO3 can form a charge transfer complex with
NPB, increasing the number of holes in the HTL [39]. On the other
hand, Pb2þ clusters are formed on the top of MAPbI3 layers because



Fig. 7. The J-V curves and their EQE curves of the photodetectors under illumination of
a 550 nm light with an intensity of 257 mW/cm2.
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a large amount of PbI2 compared with MAI is used in preparing the
films. The Pb2þ clusters will act as the traps for photogenerated
holes [20]. These two effects result in hole trapped in the anode
interface layers, which reduces electron injection barrier from Ag
electrode under negative bias. Thus the amount of the injected
charges can be significantly higher than the photogenerated ones,
resulting in the photocurrent gain of the devices.

Fig. 8 shows the photocurrent as a function of illumination in-
tensity of PD3 at 0 and -1 V, respectively. Here an AM1.5 solar
simulator (Newport 94023A) is used as the illumination source and
the intensity is varied from 0.06 to 75.7 mW/cm2. It can be found
that a linear relationship is observed between the photocurrent and
the light intensity both at 0 and -1 V. Such a linear response is
important for a photodetector. However, at higher illumination
density, the photocurrent deviates from this linear relationship,
which should be attributed to the increased charge carrier
recombination probability due to the higher density of the photo-
generated charge carrier.

Detectivity (D*) is another figure of merit factor of a photode-
tector and it can be given by: [2,26].

D� ¼ ðAf Þ1=2
R=in

(2)

where A is the effective area of the detector, f is the electrical
bandwidth, and in is the noise current. When the dark current is
Fig. 8. Photocurrent as a function of illumination intensity of PD3 at different voltage.
dominated by the shot noise, D* can be expressed as: [2,26].

D* ¼ R

ð2qJdÞ
1 =

2
(3)

where q is the elementary electron charge and Jd is the dark current.
All the three photodetectors exhibit a D* in the order of 1012 Jones
at 550 nm at �0.1 V. The D* are 1.2 � 1012, 1.9 � 1012, and 4.3� 1012

Jones for PD1, PD2, and PD3, respectively. The highest D* of PD3 is
attributed to its lower dark current and higher responsivity. While
at �1 V, the D* of three photodetectors are increased to 1.2 � 1013,
2.1 � 1013, and 4.6 � 1013 Jones, respectively, which are among the
highest values for reported PM-type perovskite photodetectors
[20,32,42,43]. The improved D* at higher voltage are attributed to
the higher photocurrent gain of the photodetectors.

To investigate the response speed of the photodetectors, their
responses to a time-varying square wave white light (23.50 mW/
cm2) at 0 V are investigated, as shown in Fig. 9. The rise time and
decay time are defined as the time taken for the initial current to
increase to 90% of the peak value, or vice versa, respectively. It can
be found that PD3 shows the highest response among the three
devices, which is consistent with the EQE shows in Fig. 6. The rise
time and decay of PD1 are 19.6 and 8.8 ms, while they are 19.5 and
7.1 ms for PD2 and 7.5 and 6.7 ms for PD3, respectively. The fast
response speed of PD3 can be attributed to the higher charge carrier
extraction efficiency [39]. The transient photocurrent response of
PD3 was investigated by biasing the device at different voltages
under the same light illumination (Fig. 10), and no obvious differ-
ence in the transient response is observed. This is different from
that reported by Domanski et al. where a significant reduced
response speed was found at higher negative voltage [42]. The
difference should be attributed to the different photocurrent gain
mechanisms of the devices, which is originated from the ion
migration in the devices reported by Domanski et al. [42].
4. Conclusion

In summary, PM-type photodetectors composed of organic-
inorganic perovskite MAPbI3 are demonstrated. By introducing
suitable interlayers at the MAPbI3/electrode interfaces, the perfor-
mance of the photodetector is significantly improved. The opti-
mized device shows a broadband response with a high
photocurrent gain of about 177 and a high detectivity of 4.6 � 1013

Jones. Besides, the response speed is also increased. The
Fig. 9. Transient photocurrent curves of the photodetectors under illumination of a
chopper modulated white light of 23.50 mW/cm2.



Fig. 10. Normalized transient photocurrent responses of PD3 under different bias.
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improvement is attributed to the improved charge carrier collec-
tion efficiency. The excellent performance of this perovskite
photodetector makes it potential in applications like communica-
tion, imaging, and defense.
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