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A B S T R A C T   

Perovskite photodetectors processing a photocurrent amplification have attracted much attention due to their 
high response to light illumination and have been exploited in a regular device geometry. Here, photocurrent 
amplification is demonstrated in an inverted perovskite photodetector, and the effect of the indium tin oxide 
(ITO)/perovskite interface on the photocurrent amplification factor are exploited. It is found that the photo-
current amplification is limited by the ITO/perovskite interface, which can be proved by the devices with bare 
ITO, Cu2O particles partially covered ITO, and poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) fully 
covered ITO as the anodes. A photocurrent amplification factor of about 27 is demonstrated in the perovskite 
photodetector with a bare ITO as the anode, which is one of the highest ones among the reported perovskite 
photodetectors. It also exhibits a maximum response of 4.1 A/W and a detectivity of 1011 Jones. Compared with 
the bare ITO device, the photocurrent amplification of the devices decreases gradually with the reduced contact 
area between ITO and perovskite and eventually disappears when the direct contact is totally removed. The 
photocurrent amplification is attributed to the long-lived accumulated holes as well as the positively charged 
CH3NH3

+ and I vacancy at the ITO/perovskite interface, which dramatically lowers the injection barrier of 
electrons and leads to a multiple electron injection.   

1. Introduction 

Organic/inorganic hybrid perovskites such as CH3NH3PbI3 have 
attracted tremendous attention for applications in the fields of solar cells 
and light-emitting diodes because of their direct bandgap, high ab-
sorption coefficient, long exciton diffusion length, and excellent charge 
transport property [1–5]. Photodetector is another important type of 
optoelectronic devices which has been widely utilized in optical 
communication, imaging, environmental monitoring, and chem-
ical/biological sensing. Organic/inorganic hybrid perovskite has been 
considered to be one of the ideal materials for photodetectors owing to 
their merits of high defect tolerance and long carrier lifetime. Taking 
advantage of these superior properties, high performance perovskite 
photodetectors have been realized in recent years [6–15]. There are 
generally two typical device structures for perovskite photodetectors, e. 

g., photodiode- and photomultiplication-photodetectors. For the 
photodiode-type photodetectors, the maximum external quantum effi-
ciency (EQE) is lower than 100%, while for the photomultiplication-type 
ones it is dramatically higher than 100%, indicating that a photocurrent 
amplification realized in these devices. The photocurrent amplification 
is triggered on that one type of charge carriers can travel across the 
device several times before they recombined with the opposite charge 
carriers that trapped in the devices [16]. Thus a high density of charge 
traps is required in the device for the photomultiplication-type photo-
detectors. Owing to the long charge carrier lifetime in perovskite, pho-
tomultiplication perovskite photodetectors have gained increased 
attention in recent year [17–25]. The trapped charge carriers can be 
holes or electrons. For example, Dong et al. demonstrated a photocur-
rent amplification when a higher content of PbI2 was added in the 
precursor solution due to the excess Pb2+ at the top surface of perovskite 
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can act as the hole traps [18], and Ishii et al. proved that holes can be 
accumulated at the perovskite/Eu complex interface with a suitable 
energy level alignment [25]. In contrast, Liu et al. reported that PbS 
quantum dots in perovskite can act as electron traps [21], and Zhang 
et al. found that small molecular organic material can also sever as the 
electron traps when it was doped in the electron-transporting layer [24]. 
More interesting, it is found that photocurrent amplification can be 
found when the perovskite film contacts directly with the bottom FTO 
cathode but without the need of artificial charge carrier traps [17,19]. 
However, the mechanisms are still under debating. For example, Moehl 
et al. proposed that the photocurrent amplification is attributed to the 
ion migration in perovskite [20], while Chen et al. suggested that it is 
relays on the ferroelectric property of the perovskite [19]. 

In this work, we demonstrated a photocurrent amplification in an 
inverted perovskite photodetector with CH3NH3PbI3 directly contacting 
with indium tin oxide (ITO) anode, and the effect of the ITO/perovskite 
interface on the photocurrent amplification factor of the perovskite 
photodetectors are investigated. It is found that the photocurrent 
amplification factor, which defined as the ratio between the photocur-
rent at a given negative voltage and the one at 0 V, decreases with the 
decrease of the contact area between ITO and CH3NH3PbI3 when Cu2O 
particles were deposited on ITO as the blockers, and it completely dis-
appears when the contact area is fully removed by a poly(3,4-ethylene 
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) spacer layer. 
This work demonstrates that photocurrent amplification can be obtained 
in an inverted hole-transporting layer (HTL)-free perovskite photode-
tector in addition to the reported regular devices with a bottom trans-
parent conductive oxide as the cathode, and a mechanism is proposed 
for this photocurrent amplification. 

2. Experimental details 

The perovskite photodetector has a structure of ITO/CH3NH3PbI3/ 
C60 (40 nm)/4,7-diphenyl-1,10-phenanthroline (Bphen, 8 nm)/Ag (100 
nm), as shown in Fig. 1(a). ITO coated grass with a sheet resistance of 15 
Ω/sq was used as the substrate, and it was routinely cleaned followed by 
UV-ozone treatment for 15 min. CH3NH3PbI3 layer was deposited with a 
two-step solution process in ambient conditions [26]. PbI2 which dis-
solved in N,N-dimethylformamide with a concentration of 460 mg/ml 
was first spin-coated on the ITO substrate at 2000 rpm for 30 s, and 
followed by annealing at 70 ℃ for 5 min. Then CH3NH3I dissolved in 
isopropanol with a concentration of 50 mg/ml was spin-coated on the 
PbI2 film at 2000 rpm for 30 s and followed by annealing at 100 ℃ for 1 
h, which formed a CH3NH3PbI3 layer directly on the ITO substrate. 
Finally, 40 nm C60, 8 nm Bphen, and 100 nm of Ag were sequentially 
thermally evaporated on the perovskite layer at a pressure of 5 × 10− 4 

Pa. The deposition rate and layer thickness were monitored in situ using 
oscillating quartz monitors, and the deposition rates were kept at 1 Å/s 
for C60 and Bphen and 5 Å/s for Ag cathode. 

For reference, photodetectors on Cu2O particles partially covered 

ITO substrates and PEDOT:PSS fully covered ITO substrate were also 
constructed. The Cu2O particles were deposited on ITO with an elec-
trodeposited method [27,28]. An alkaline aqueous solution containing 
0.3 M copper sulfate and 3 M lactic acid with a pH value of 12 that 
adjusted by sodium hydroxide was used as the precursor. The deposition 
was carried out in a configured glass cell at 70 ℃, in which the ITO 
substrate, a platinum plate, and an Ag/AgCl electrode in a saturated KCl 
solution served as the working electrode, the counter electrode, and the 
reference electrode, respectively. During the electrodeposition, the po-
tential was set to be − 0.5 V, and the current densities observed during 
the deposition ranged from 1 to 1.2 mA/cm2. The duration of the 
deposition was 20 and 30 s, which formed Cu2O particles with a lower 
and a higher densities on ITO substrates, respectively. Finally the sub-
strates were rinsed with deionized water and dried in air naturally. 
PEDOT:PSS (Clevios P-VP Al4083) was filtered and deposited onto ITO 
substrate through spin-coating at 4000 rpm for 40 s, and then annealed 
at 120 ◦C for 15 min in ambient conditions, which forms a PEDOT:PSS 
layer of about 40 nm. 

The morphology of the perovskite films were measured by a Hitachi 
S4800 field emission scanning electron microscopy (SEM), and the Cu2O 
particles were measured by a Philips-FEI XL30-SFEG SEM. X-ray 
diffraction (XRD) pattern was obtained with a Rigaku D/Max-2500 
diffractometer using Cu Kα radiation (λ = 1.54 Å). Absorption spec-
trum was recorded on a Lambda 900 spectrophotometer. Current- 
voltage (J-V) characteristics of the devices were measured with a 
Keithley 2400 source meter both in dark and under illumination of a Xe 
lamp light source with an AM 1.5 G filter, and the irradiation intensity 
was certified to be of 100 mW/cm2. The EQE spectrum was performed 
with a Stanford SR 830 lock-in amplifier under monochromatic illumi-
nation. All measurements were performed under ambient conditions. 

3. Results and discussions 

Fig. 1(b) and (c) show the top-view and cross-sectional SEM images 
of the CH3NH3PbI3 film on a bare ITO substrate, respectively. A compact 
and pin-hole free morphology is found for the CH3NH3PbI3 film, and the 
grain size is about 200–300 nm. Such a compact morphology eliminates 
short-circuit between the bottom ITO anode and the upper Ag cathode 
even no HTL were adopted here. The thickness of the CH3NH3PbI3 film 
obtained from the cross-sectional SEM image is about 300 nm. Besides, 
the CH3NH3PbI3 film displays high characteristic diffraction peaks of 2θ 
at about 14.16◦ and 28.50◦ (Fig. S1), which can be assigned to the 
diffraction of the (110) and (220) planes of CH3NH3PbI3, respectively. 
Meanwhile, low intensity diffraction peaks of PbI2 can also be found in 
the XRD pattern, which indicates that a small amount of unrecated PbI2 
retains in the perovskite film. Such unrecated PbI2 may act as hole traps 
and triggers photocurrent amplification of the device [18]. The 
CH3NH3PbI3 film reveals a broad absorption band at visible region with 
an edge at about 780 nm (Fig. S2a), corresponding to a bandgap of about 
1.56 eV calculated from the Tauc plot of the absorption spectrum 

Fig. 1. (a) Device structure of the perovskite photodetector, (b) top-view SEM and (c) cross-sectional SEM of the CH3NH3PbI3 film on ITO substrate.  
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(Fig. S2b). These characters further indicate the formation of a 
CH3NH3PbI3 film on the ITO substrate. 

It is reported that the photocurrent amplification in regular perov-
skite photodetectors is attributed to the direct contact between FTO 
cathode and the perovskites [17,19,20]. To further understand the effect 
of the ITO/CH3NH3PbI3 interface on the photocurrent amplification in 
our inverted photodetectors, devices with different anodes were con-
structed. In our previous works, we have demonstrated that large Cu2O 
particles can be deposited on ITO substrates through an electrodeposited 
method [27,28], which forms a partially covered ITO surface. As shown 
in Fig. 2(a) and (b), the Cu2O particles are semisphere with a diameter of 
about 1–2 µm for an electrodeposition time of 20 and 30 s, and the 
density of the Cu2O particles increases with the deposition time. These 
large Cu2O particles can partially cover the ITO substrate, decreasing the 
contact area between ITO and CH3NH3PbI3. However, the CH3NH3PbI3 
films on these Cu2O particles exhibit dramatically increased grain size to 
more than 1 µm, as shown in Fig. 2(c) and (d), which is attributed to the 
manipulated growth process of the perovskite by the Cu2O particles 
[28]. Furthermore, we have also fabricated a photodetector on an 
ITO/PEDOT:PSS anode, which exhibits a fully eliminated contact be-
tween ITO and CH3NH3PbI3 by using the 40 nm PEDOT:PSS as the 
spacer. The SEM image of CH3NH3PbI3 on PEDOT:PSS is shown in 
Fig. S3, which reveals a comparable grain size to that on bare ITO. 

The J-V curve of the perovskite photodetectors under illumination of 
an AM 1.5 G solar simulator with an intensity of 100 mW/cm2 is pre-
sented in Fig. 3a. It can be found that the photocurrent dramatically 
increases with the applied negative voltage for the photodetector on 
bare ITO anode. The photocurrent at 0 V is 6.04 mA/cm2, while it rea-
ches 166 mA/cm2 at − 1 V. This corresponds to a photocurrent ampli-
fication factor of about 27, which is comparable and even a little higher 
than the reported regular structure perovskite photodetectors with a 
direct contact between FTO and the perovskites [17,19]. Meanwhile, 
both Moehl et al. [17] and Chen et al. [19] demonstrated that the 
amplification factor can be further increased with a lower illumination 
intensity, as the photocurrent could not be saturated at higher voltage. 
Thus a higher amplification factor can be expected with a decreased 
illumination intensity. 

On the other hands, the photodetectors based on Cu2O particles show 

a significant increased photocurrent at 0 V, which are 16.8 and 
14.7 mA/cm2 for the low and high densities Cu2O particles devices, 
respectively, as shown in Fig. 3a. In contrast, the photocurrents of these 
devices increase slowly with the applied negative voltage as compared 
with the device on bare ITO, which are 85.4 and 38.2 mA/cm2 for the 
low and high densities Cu2O particles devices, corresponding to a 
photocurrent amplification factor only about 5 and 3, respectively. The 
lower photocurrent of the device with a high Cu2O particles should be 
attributed to the increased series resistance due to the introduction of 
Cu2O particles [27]. This decreased photocurrent amplification in the 
Cu2O particles partially covered ITO devices suggests that the photo-
current amplification of the photodetectors is limited by the contact 
between ITO and CH3NH3PbI3, but not by the morphology of the 
CH3NH3PbI3 films. The photocurrent is further increased to 
18.2 mA/cm2 at 0 V of the photodetector on an ITO/PEDOT:PSS anode, 
which is attributed to the improved hole collection efficiency with the 
PEDOT:PSS HTL. However, photocurrent is almost unchanged with the 
applied negative voltage, indicating that no photocurrent amplification 
is observed. These findings further confirm that the ITO/CH3NH3PbI3 
interface plays an important role in determining the photocurrent 
amplification in these inverted photodetectors. 

Fig. 3b displays the dark current of the photodetectors. The dark 
current is highest for the photodetector on bare ITO and it reduces with 
the decreased contact area between ITO and CH3NH3PbI3. The dark 
current of the photodetector on PEDOT:PSS is about 4 orders of 
magnitude lower than that one on bare ITO. This significantly reduced 
dark current is attributed to the blocked electron injection from ITO to 
CH3NH3PbI3 by the Cu2O particles or PEDOT:PSS layer. It should be 
noted that although the dark currents of the devices on Cu2O particles 
are lower than that on bare ITO at lower voltage, they are comparable at 
higher voltage, for example at − 1 V. The dark current can be injection- 
limited and/or transporting-limited. These distinctions between the 
dark currents indicate that they are injection-limited at lower voltage 
and the introduction of Cu2O particles increases the hole injection bar-
rier from ITO to CH3NH3PbI3 and hence a lower dark current, while they 
change to transporting-limited at higher voltage and they exhibit a 
comparable dark current at higher voltage. 

The EQE spectrum of the photodetector based on bare ITO at − 1 V is 

Fig. 2. SEM images of Cu2O particles with a low (a) and a high (b) densities on ITO substrates, (c) and (d) corresponding CH3NH3PbI3 films on these Cu2O particles.  
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shown in Fig. 3c. The device reveals a broad response in the visible re-
gion, and a sharply decreased response is observed at about 780, which 
is consistent with the absorption spectrum of CH3NH3PbI3, suggesting 
that the photocurrent is originated from the absorption of CH3NH3PbI3. 
A maximum EQE of about 700% is found, which also indicates that a 
photocurrent gain achieved in this device. Based on this EQE spectrum, 
the responsivity and detectivity can be calculated [23], as shown in 
Fig. 3d. A maximum responsivity of 4.1 A/W at 755 nm is obtained. 
Meanwhile, a detectivity in the order of 1011 Jones is found for the 
photodetector in visible region with a maximum of 1.4 × 1011 Jones at 
755 nm. In view of that the detectivity of a photodetector is simulta-
neously determined by the responsivity and dark current, it can be 

further increased if the dark current of our devices were decreased. 
Based on these findings, a mechanism is proposed for the photo-

current amplification of the inverted HTL-free photodetector, as shown 
in Fig. 4. The work function of ITO is 4.72 eV [29], while it is 4.65 eV for 
CH3NH3PbI3 [30]. Thus a downward shift energy level at the 
ITO/CH3NH3PbI3 interface can be anticipated due to the electron 
transfer from CH3NH3PbI3 to ITO (Fig. 4b). The highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of CH3NH3PbI3 are 5.45 and 3.82 eV, respectively [30]. Ac-
cording to these energy levels, an electron injection barrier from ITO to 
CH3NH3PbI3 is about 0.9 eV and the dark current under negative bias of 
the photodetector should be primary contributed from the electron 

Fig. 3. J-V curves of the photodetectors with different anodes (a) under illumination of an AM 1.5 G solar simulator with an intensity of 100 mW/cm2 and (b) in 
dark, where no buffer layer indicates a fully contact, the low and high density Cu2O for partially contact, while the PEDOT:PSS for no contact between ITO and 
CH3NH3PbI3. (c) EQE spectrum (d) responsivity as well as the detectivity of the photodetector on bare ITO at − 1 V. 
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Fig. 4. Schematic mechanism of the photocurrrent amplification in the ITO/CH3NH3PbI3/C60/Bphen/Ag photodetectors.  
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injection because the hole injection barrier from Ag to Bphen is much 
higher. Thus electrons in ITO should surmount the barrier before they 
can inject into CH3NH3PbI3 (Fig. 4c). Quantum mechanical calculations 
suggest that there has been a high density of defect states in perovskite 
films [31]. Thus under illumination photogenerated holes will transport 
toward ITO anode and then be trapped by the defect states at the 
ITO/CH3NH3PbI3 interface. On the other hand, ions and defects 
migration in perovskite have been demonstrated by many independent 
works [32–36]. The migration active energy of CH3NH3

+ and I vacancy 
(VI

•) ranges from 0.1 to 1 eV [37–39], and it can be further decreased 
under illumination [40]. As a result, under illumination and negative 
bias, CH3NH3

+ and VI
• would migrate from the bulk of CH3NH3PbI3 to 

ITO anode and then accumulate at the ITO/CH3NH3PbI3 interface. The 
accumulation of holes as well as the positively charged CH3NH3

+ and VI
•

leads to a further downward shift energy level at the ITO/CH3NH3PbI3 
interface (Fig. 4d). Thus the triangle electron injection barrier becomes 
thinner, which increases the probability for electrons tunneling injection 
from ITO to CH3NH3PbI3, corresponding to a reduced electron injection 
barrier at the interface. On the other hands, the long-lived trapped holes 
and positively charged CH3NH3

+ and VI
• at the ITO/CH3NH3PbI3 inter-

face ensure that electrons can travel across the device several times 
before recombination. Although similar accumulation of holes as well as 
positively charged CH3NH3

+ and VI
• happens at the PEDOT: 

PSS/CH3NH3PbI3 interface for the photodetector with a PEDOT:PSS 
HTL, the high electron injection barrier at the ITO/PEDOT:PSS interface 
hinders the photocurrent amplification. 

Through careful analysis of the I-V curves, a slow and a fast increase 
of currents are found both in dark and under illumination for the HTL- 
free photodetector, and a transition voltage between these two stages 
can be obtained. The electron injection barrier can be estimated from 
this transition voltage [14]. From the I− V curves shown in Fig. 5, the 
electron injection barrier is estimated to be 0.83 eV in dark, while it is 
only 0.12 eV under illumination. These injection barrier values are 
consistent with our proposed mechanism of the photocurrent amplifi-
cation. Similar current transitions are observed for the photodetectors 
with Cu2O partially covered ITO andoes, and the electron injection 
barrier is estimated to be 0.85 and 0.86 eV in dark for the devices with 
low and high Cu2O particles densities, respectively, while they are 0.45 
and 0.56 eV under illumination (Fig. S4). The similar electron injection 
barrier of the photodetectors on bare ITO and Cu2O particles covered 
ITO reasonable explains their comparable dark currents at higher 
voltage. However, the dramatically different electron injection barriers 
under illumination restrict the photocurrent of the photodetectors on 
Cu2O particles covered ITO anodes. The higher electron injection barrier 
should be attributed to the increased series resistance of the devices due 
to the introduction of large Cu2O particles. However, no current tran-
sition is observed in the photodetector with a PEDOT:PSS HTL, sug-
gesting that no photocurrent amplification existed in this device. 

4. Conclusion 

In summary, photocurrent amplification is demonstrated in an 
inverted HTL-free perovskite photodetector. The photocurrent amplifi-
cation effect is related to the ITO/perovskite interface, and it decreases 
with the decrease of the contact area between ITO and perovskite and 
eventually disappears when direct contact is completely removed. The 
HTL-free perovskite photodetector exhibits a maximum response of 
4.1 A/W and a detectivity of 1011 Jones. The photocurrent amplification 
is attributed to long-lived accumulated holes and positively charged 
defect states at the ITO/perovskite interface, which dramatically lowers 
the electron injection barrier. This work demonstrates that the photo-
current amplification also exists in an inverted perovskite photode-
tector, which may have the potential application in designing and 
constructing high performance perovskite photodetectors. 

CRediT authorship contribution statement 

Lidan Wang: Conceptualization, Methodology, Investigation, 
Writing - original draft. Zisheng Su: Methodology, Writing - review & 
editing, Supervision. Hairuo Wu: Investigation, Visualization. Bei Chu: 
Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by the National Natural Science Foundation 
of China (61504145), the Natural Science Foundation of Fujian Province 
(2019J01729 and 2020J01778), the Science and Technology Develop-
ment Plan of Quanzhou (2019C015R and 2020C025R), and the Program 
for New Century Excellent Talents in Fujian Province University, China. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.synthmet.2020.116636. 

Fig. 5. Extraction of the transition voltages from the currents of the ITO/ 
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