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lifetime and diffusion length, and broad-
band light absorption), hybrid organic– 
inorganic perovskites have been recently 
regarded as a promising class of candi-
date materials for a range of optoelectronic 
applications, such as solar cells,[1,2] light-
emitting diodes,[3,4] photodetectors,[5–8]  
and lasers.[9,10] With the rapid devel-
opment in synthetic routes, various 
photo detectors with different device con-
figurations have successfully exploited 
perovskite nanowires, nanoplates, thin 
films, and bulk materials.[11–14] Compared 
with other counterparts, perovskite thin 
films can easily be prepared through facile 
solution-based processes and integrated 
in large areas with other optoelectronic 
systems. Therefore, they are very prom-
ising building blocks for the assembly  
of cost-effective optoelectronics. To date, 
both photodiodes and photoconductors/
phototransistors assembled from perov-
skites have been widely explored.[11,12] 

Various studies have proven that perovskite photodiodes are 
highly effective in realizing high-frequency low-noise optical 
sensing stemming from the inherent built-in potential that 
suppresses dark current and enhances photocarrier separa-
tion.[15,16] However, due to the absence of internal gain, the 
responsivities of these detectors are usually low (maximum 
values in the hundreds of mA W−1), limiting their use in some 
special applications (e.g., weak light detection). In contrast, 
perovskite photoconductors/phototransistors with internal gain 
often enjoy a very high responsivity.[17,18] For instance, ambi-
polar phototransistors made of CH3NH3PbI3 thin films have 
achieved a peak responsivity reaching 320 A W−1.[17] Neverthe-
less, further performance enhancement is inevitably prohib-
ited by the relatively poor charge carrier transport capability of 
perovskite thin films because of the presence of many grain 
boundaries and defects that act as scattering and trapping 
centers for photocarriers.[19,20] One effective route is to inte-
grate perovskite thin films with other functional materials to 
form hybrid photodetectors that use the photogating effect.[11,12] 
In such a device, due to interfacial band alignment, one type 
of photocarrier excited in the perovskite can be easily injected 
into the functional material acting as a conducting channel, 
leaving another type of photocarrier trapped in the perovskite. 

Hybrid organic–inorganic perovskite materials have recently attracted attention 
due to their impressive physical properties and promising application in future 
optoelectronic devices and systems. In this study, a high-performance and 
broadband photodetector comprising vertically stacked Cs-doped formanidinium 
lead iodide (FAPbI3) perovskite/dinaphtho[2,3-b:2′,3′-f]thieno[3,2-b]thiophene 
heterojunction, which shows a high responsivity of 778 A W−1 and a specific 
detectivity of 1.04 × 1013 Jones, is reported. In addition, the photodetector 
displays excellent stability and broadband responsivity to illumination ranging 
from deep-ultraviolet to near-infrared light. It is interesting to note that doping 
a small amount of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) into 
the perovskite film results in a substantial increase in responsivity, specific 
detectivity, and photoconductive gain. Specifically, the specific detectivity is as 
high as 7.96 × 1013 Jones, which is much higher than that of other devices with 
similar geometries. The device optimization can be ascribed to an enhanced 
electron–hole separation ability and increase in electron accepting sites that can 
selectively trap electrons in the perovskite–PCBM bulk heterojunction, according 
to results from the experimental analyses.
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Phototransistors

1. Introduction

Because of their excellent physical properties (e.g., appropriate  
direct bandgap, small exciton binding energy, long carrier 
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Therefore, it can allow the injected carriers to recirculate mul-
tiple times prior to recombination in the channel and provide 
a high gain. To date, a variety of inorganic materials, including 
graphene,[21–25] 1D carbon nanotubes,[26,27] and 2D transition 
metal dichalcogenides (TMDs),[28–31] have been employed, and 
the resultant devices can achieve large responsivities that are 
several orders of magnitude higher than those of photodetectors 
based on pure perovskites. Despite this progress, perovskite/
graphene hybrid devices normally have very large dark cur-
rents from the semimetal feature of graphene, leading to a low 
Ilight/Idark ratio and poor signal-to-noise ratio. Detectors based 
on perovskite/2D TMD hybrids usually require high-quality 
TMD layers to realize a high photoresponse that strongly relies 
on a mechanical exfoliation process and makes device fabrica-
tion rather complicated and expensive. In addition, photodetec-
tors involving 1D nanostructures and exfoliated 2D TMDs also 
suffer from issues in terms of unsatisfactory uniformity and 
poor reproducibility owing to the heterogeneity of these mate-
rials. Organic semiconductors (OSCs) have obvious advantages, 
including solution processability, flexibility, a light weight, and 
tunable optical/charge transport properties,[32] and are ideal 
candidates for integration with perovskite. Various studies have 
revealed that OSC/perovskite hybrid photodetectors not only 
offer rapid transport channels for photocarriers but also retain 
low dark currents and sizable Ilight/Idark ratios.[33–35] Recently, by 
combining perovskite quantum dots (QDs) with dinaphtho[2,3-
b:2′,3′-f ]thieno[3,2-b]thiophene (DNTT), Chen et al. produced 
a hybrid phototransistor with large responsivity and detectivity 
values of 1.7 × 104 A W−1 and 2.0 × 1014 Jones, respectively.[35] 
Nevertheless, the response speed was relatively slow (>100 ms), 
probably due to slow charge transfer between adjacent QDs 
and/or QDs/DNTT.

In a hybrid photodetector, the change in the channel con-
ductivity depends strongly on the net amount of charge carriers 
remaining in the photoactive layer.[36] In addition to channel 
carrier mobility, charge separation is an essential factor for 
achieving high responsivity. For example, although the band 
alignment between perovskite and OSC in perovskite/OSC 
hybrid detectors can be intentionally designed to facilitate 
photocarrier separation at the interface of the two materials, 
photocarrier recombination still exists within the perovskite 
layer prior to electron–hole separation.[37] Additionally, the 
lifetime of injected carriers is greatly reduced if the trapping 
time of the opposite type of carriers is very limited, which is 
unfavorable for a sensitive photoresponse. To this end, a fea-
sible strategy is to introduce some charge carrier accepting 
sites in the perovskite layer for selective charge trapping, 
which has proven to be useful in some hybrid photodetec-
tors.[38–40] Herein, we present a hybrid photodetector based 
on a stacked heterojunction of a Cs-doped Cs-doped forma-
nidinium lead iodide (FAPbI3) perovskite and a DNTT film 
with a reported high charge-carrier mobility and good sta-
bility.[41] The device exhibits a broadband photoresponse from 
the deep-ultraviolet (DUV) to near-infrared (NIR) regimes 
with high responsivity and detectivity values of 778 A W−1  
and 1.04 × 1013 Jones, respectively. Furthermore, by incorpo-
rating [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as 
electron trapping centers into the perovskite layer, the respon-
sivity and detectivity can be enhanced to 5.96 × 103 A W−1 

and 7.96 × 1013 Jones, respectively. Additionally, the device 
possesses good ambient stability and a rapid response speed on 
the order of several milliseconds. The excellent photoresponse 
suggests the potential of the present hybrid photodetector for 
future high-performance air-stable optoelectronic applications.

2. Results and Discussion

Figure 1a presents the schematic device structure of the perov-
skite/OSC hybrid photodetector. The Cs-doped FAPbI3 layer was 
prepared on a SiO2/Si substrate by using a solution-based spin-
coating approach, and the DNTT film was deposited atop the 
perovskite layer through thermal evaporation to form a stacked 
heterojunction. (Please see the Experimental Section for more 
details.) Considering that the concentration of Cs can directly 
influence the morphology/structure and consequently the 
optoelectronic properties of Cs-doped FAPbI3 perovskite, three 
samples with different Cs doping levels (x = 0.1, 0.15, and 0.2) 
were prepared and compared in this study. Although the dif-
fraction peaks in the X-ray diffraction (XRD) patterns for the 
FA1−xCsxPbI3 samples could be all assigned to the black phase 
of FAPbI3,[42] their field emission scanning electron microscopy 
(FESEM) images are obviously different, as shown in Figure S1 
(Supporting Information). In the case of x = 0.1 or 0.2, discon-
tinuous perovskite films with apparent holes and defects were 
obtained, whereas when x was equal to 0.15, compact and con-
tinuous films with a high quality were formed (Figure S1a–c, 
Supporting Information). Such a difference in morphology can 
lead to different capabilities for both light harvesting and charge 
carrier transport, which was manifested by the time-dependent 
photoresponse shown in Figure S1e (Supporting Informa-
tion). In light of the above, FA0.85Cs0.15PbI3 was employed for 
the assembly of the hybrid photodetectors used in this study. 
Figure 1b,c shows the top-view and cross-sectional FESEM 
images of the FA0.85Cs0.15PbI3 perovskite/DNTT hybrid, from 
which a layer-stacked vertical heterostructure and a reasonably 
full coverage of the DNTT film on the perovskite layer can be 
clearly observed. The thicknesses of the DNTT and perovskite 
layers were ≈90 and 270 nm, respectively. As is discussed later, 
the reason for choosing 90 nm thick DNTT was because the 
DNTT with this thickness gave the highest photocurrent com-
pared to the other thicknesses considered in this study.

The operating mechanism of the FA0.85Cs0.15PbI3 perovskite/
DNTT hybrid photodetector is exhibited by the energy band 
diagram in Figure 1d. Upon light irradiation, excitons easily 
dissociated into free electrons and holes owing to the small 
exciton binding energy (<20 meV).[43] Holes easily diffused to 
the DNTT layer because the highest occupied molecular orbital 
(HOMO) of DNTT is slightly higher than the valence band level 
of perovskite, while electrons preferred to stay in the perovskite 
layer since the lowest unoccupied molecular orbital (LUMO) of 
DNTT is much higher than the conduction band level of perov-
skite. Consequently, electrons trapped within the perovskite 
acted as a local gate to effectively modulate the conductivity of 
the DNTT layer through capacitive coupling.[44,45] At the same 
time, holes were transported and recirculated multiple times in 
the DNTT channel during trapping of the electrons (Figure 1e), 
which led to the generation of a photocurrent and was also 
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responsible for the high gain. It is noteworthy that recom-
bination of photoexcited electrons and holes was greatly sup-
pressed in this unique device geometry because holes can be 
efficiently extracted from the perovskite layer, which increases 
the photocurrent.

To verify the above scenario, we then characterized the pho-
toresponse of the hybrid photodetector. As plotted in Figure 2a, 
the device exhibited a low channel current of ≈20 pA at a bias 
voltage of 3 V in the dark. The nearly linear current–voltage 
(I–V) behavior indicated a good Ohmic contact between the 
Au electrodes and the perovskite/DNTT hybrid. Interestingly, 
during illumination with 450 nm light, the channel current 
increased dramatically to as high as ≈1.0 µA, suggesting ultra-
high sensitivity of the hybrid photodetector. To better under-
stand the origin of the sizable photoresponse, control devices 
with either DNTT or FA0.85Cs0.15PbI3 perovskite film as the 
light harvesting layer were constructed and studied (Figure S2, 
Supporting Information). The device assembled from pure 
DNTT exhibited a negligible photocurrent response to light 
illumination, whereas the detector comprising FA0.85Cs0.15PbI3 
perovskite had a photocurrent of ≈0.10 µA, only one-tenth that 
of the hybrid photodetector under the same illumination. These 
results confirmed that the exceptionally large photocurrent 
observed in the hybrid photodetector should stem from the syn-
ergistic effect of the stacked perovskite/DNTT heterojunction 
rather than solely from either the perovskite or DNTT layers. 
In other words, the photogating effect in the perovskite/DNTT 
stacked heterojunction improved the photoresponse.

It should be noted that the thickness of the DNTT layer 
exerted a substantial influence on the photoresponse of the 
hybrid photodetector, as shown in Figure S3 (Supporting Infor-
mation). The photocurrent increased gradually when the DNTT 

thickness changed from ≈25 to ≈90 nm and then became satu-
rated when the DNTT thickness was larger than ≈90 nm. This 
saturation was likely caused by the increased access resistance 
induced by carrier extraction along the thickness direction at 
the Au electrode contacts. For thicknesses less than ≈25 nm, 
the DNTT was too thin to form a continuous film on the perov-
skite layer; therefore, it led to very limited improvement of the 
photocurrent. The time-dependent photoresponses shown in 
Figure 2b revealed that the sensitivity to the incident light was 
highly repeatable and stable. The rise and fall edges were very 
steep, indicative of a fast response speed.[46] Moreover, the photo-
current rose monotonously with increasing bias voltage, which 
is understandable because a larger electric field can facilitate 
efficient transport of photocarriers and depress their recombi-
nation activity. By carefully studying the I–V characteristics of 
the device under 450 nm irradiation with various light intensi-
ties (Figure 2c), one can easily observe that the photocurrent 
increased gradually with increasing light intensity. This phe-
nomenon can be attributed to the increased amount of photo-
excited carriers at an elevated light intensity. It is worth men-
tioning that even at a light intensity as weak as ≈46 nW cm−2,  
the hybrid photodetector displayed a relatively large photocurrent 
of ≈7.5 nA, suggesting the potential application for weak illumi-
nation detection. The dependence of the photocurrent on the 
light intensity can be understood by fitting the photocurrent curve 
versus light intensity to a widely explored power law: Iph = Pθ,  
where Iph is the net photocurrent, P is the light intensity, and θ 
is an empirical value reflecting the recombination of photocar-
riers.[47] As shown in Figure 2d, fitting the curve in the low and 
high light intensity ranges gave nonideal θ values of 0.54 and 
0.44, respectively, implying a strong recombination loss in the 
device,[48] which can be explained by the following reasons. As 
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Figure 1. a) Schematic illustration of the FA0.85Cs0.15PbI3/DNTT hybrid photodetector. b) Top-view SEM images of FA0.85Cs0.15PbI3 perovskite/DNTT 
hybrid thin film, the inset is a digital photograph of the as-prepared device. c) Cross-section SEM image of FA0.85Cs0.15PbI3 perovskite/DNTT hybrid 
thin film. d) Energy band diagram and e) charge carrier distribution of the perovskite/DNTT hybrid heterojunction under light illumination.
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discussed above, the photocarrier recombination in the perov-
skite layer was determined by the light intensity, and it intensified 
at an elevated light intensity due to an increased concentration of 
photocarriers.[8] Additionally, the charge separation accumulated 
a reverse electric field that suppressed further injection of holes 
from the perovskite into the DNTT layer (Figure 1e).[49] In addi-
tion, recombination of photocarriers may also occur at some trap 
states between the Fermi level and the conduction band edge of 
the perovskite.[50] In addition to the photocurrent, the Ilight/Idark 
ratio was found to depend on the light intensity. As depicted in 
Figure 2e, the Ilight/Idark ratio increased gradually with increasing 
light intensity, and the maximum value reached 4.9 × 104 at a 
light intensity of 2.31 mW cm−2.

Next, we calculated the responsivity (R) and gain (G), which 
are two crucial performance figures of merit of a photodetector. 
The parameter R is defined as the photocurrent produced per 
unit power of the incident light on the effective area of the 
device and is given by[45]

=
−light darkR

I I

PA  
(1)

where Ilight, Idark, P, and A are the photocurrent, the dark cur-
rent, the intensity of incident light, and the effective illuminated 
area of the device (A = 1.8 × 10−4 cm2 in this work), respectively. 
The parameter G is defined as the ratio between the number of 
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Figure 2. a) I–V characteristics of the hybrid photodetector in the dark and illuminated with 450 nm light (2.31 mW cm−2), the inset is the magnified 
I–V curve in dark. b) Time-dependent photoresponse under 450 nm light illumination with reverse bias voltages (0.68 mW cm−2). c) I–V characteristics 
of the device under 450 nm light illumination with various light intensities at 3 V. d) Photocurrent as a function of the incident light intensity at 3 V. 
e) Ilight/Idark, and f) responsivity and gain of the device as a function of incident light intensity.
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detected charge carriers and the number of incident photons, 
which is usually expressed as[45]

λ
=G R

hc

e  
(2)

where h, c, and λ are Planck’s constant, speed of light, and 
wavelength of incident light, respectively. Based on the above 
equations, R and G were estimated to be as high as ≈778 A W−1 
and 2.1 × 103 electrons per photon, respectively, at a low light 
intensity of ≈46 nW cm−2. This R value is higher than that 
of other photodetectors based on a pure perovskite film 
(320 A W−1),[17] hybrid photodetectors comprising perovskite/
OSCs (154 mA W−1 and 24.8 A W−1),[33,34] and perovskite/2D 
TMDs (17 and 110 A W−1)[30,31] described in previous reports 
(see Table 1). Considering that both R and G values decreased 
with increasing light intensity due to increased recombination 
activity of photocarriers (Figure 2f), we believe that both values 
can be further optimized given that other light sources with 
very weak intensity are available.

In addition, specific detectivity (D*), which is another 
important performance parameter of a photodetector, was also 
estimated. This parameter is calculated by[45]

( )=D
AB

NEP
*

1/2

 
(3)

= i

R
NEP n

2 1/2

 
(4)

where B is the bandwidth, NEP is the noise equivalent power, 
and n

2
1/2

i  is the root-mean-square value of the noise current. 
By performing a Fourier transformation of the dark cur-
rent, the n

2
1/2

i  per unit bandwidth (1 Hz) was extracted to 
be ≈1 pA Hz−1/2 for our hybrid photodetector (Figure S4, Sup-
porting Information). Therefore, the NEP was estimated to 
be ≈1.28 × 10−15 W Hz−1/2, yielding a large D* of 1.04 × 1013 
Jones (cm Hz1/2 W−1). This value is comparable to, or even 
better than, most perovskite hybrid photodetectors involving 
OSCs or 2D TMDs as conducting channels (see Table 1).

To explore the dependence of the photoresponse on the 
incident light wavelength, normalized spectral responsivity 
and specific detectivity at a constant light intensity were then 
explored. As shown in Figure 3a and Figure S5a (Supporting 
Information), the hybrid detector displayed a broadband 
photoresponse in the spectral range from DUV (250 nm) to NIR 
(800 nm). Figure 3b shows the time-dependent photoresponse  
under 254 nm, in which the hybrid detector displayed obvious 
sensitivity to the incident light and could be readily switched 
between low- and high-resistance states with good repeatability. 
Understandably, the observed broadband photoresponse was 
associated directly with the strong optical absorption of the 
FA0.85Cs0.15PbI3 perovskite/DNTT hybrid structure, as shown 
in Figure 3c. Figure S5b (Supporting Information) compares 
the spectral responsivity of photodetectors based on a perov-
skite/DNTT hybrid and pure perovskite film under identical 
measurement conditions. Apparently, for the whole wavelength 
spectrum, the responsivity of the hybrid photodetector sur-
passed that of the pure perovskite-based device by more than 
one order of magnitude. The above results demonstrate that the 
photogating effect in the stacked heterojunction substantially 
promoted the photoresponse in the broadband wavelength spec-
tral region. Although the absorption obviously declined at long 
wavelengths (>800 nm), the hybrid device still exhibited decent 
sensitivity in this region. For example, when 850 nm light illu-
mination was chosen to shine the device, an obvious sensitivity 
with good reproducibility was still observed (Figure 3d). Such 
an NIR photoresponse beyond the intrinsic optical absorption 
limit of FA0.85Cs0.15PbI3 perovskite (≈800 nm) was likely due 
to photocarriers that were excited from the valence band to the 
defects states within the perovskite bandgap (Figure 1d).[8,51]

Along with high responsivity and broadband photoresponse, 
the present hybrid detector also had a relatively fast response 
speed. Figure 4a schematically illustrates the setup for meas-
uring the response speed, where the pulsed light signal was 
produced by a 450 nm laser diode driven by a signal generator, 
and a digital oscilloscope connected in parallel in the circuit 
was used to monitor the variation of the photoresponse. When 
light with frequencies ranging from 10, 50 to 200 Hz were 
shined on the device, it was readily switched on and off with 
good reproducibility. By calculating the response speed from an 
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Table 1. Comparison of photoresponse parameters of our device with other reported photodetectors with similar device structures.

Device structure R [A W−1] D* [Jones] Ilight/Idark τr/τf Spectral range Ref.

FA0.85Cs0.15PbI3/DNTT 778 1.04 × 1013 4.9 × 104 1.1/2.0 ms UV–NIR Our work

FA0.85Cs0.15PbI3-1% PCBM/DNTT 5.96 × 103 7.96 × 1013 3.9 × 105 2.3/3.3 ms UV–NIR Our work

CsPbBr3 QDs/DNTT 1.7 × 104 (VG = −20 V)      2 × 1014 8.1 × 104 >100 ms Visible [35]

MAPbI3/C8BTBT 24.8   7.7 × 1012 2.4 × 104 4/5.8 ms UV–NIR [34]

MAPbI3/PDPP3T 0.154   8.8 × 1010 – – UV–NIR [33]

MAPbI3/MoS2 2.12 × 104 (VG = 20 V) 1.38 × 1010 ≈10 10.7/6.2 s Visible–NIR [28]

MAPbI3/WS2 17      2 × 1012 1 × 105 2.5/7.5 ms UV–visible [30]

MAPbI3/WSe2 110   2.2 × 1011 10 2 s Visible [31]

MAPbI3/graphene 180 ≈109 – 87/540 ms UV–visible [21]

MAPbBr3/graphene 6 × 105 – ≈2 750 ms Visible [23]



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900272 (6 of 11)

www.advopticalmat.de

individual magnified response curve at 200 Hz (Figure 4e),[52] 
the τr (duration required for the photoresponse to increase from 
10 to 90%) and τf (duration required for the photoresponse to 

decrease from 90 to 10%) were estimated to be 1.1 and 2.0 ms, 
respectively, which are very fast considering the fact that there 
is a trade-off between the gain and response speed, and hybrid 
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Figure 3. a) Spectral responsivity of FA0.85Cs0.15PbI3 perovskite/DNTT hybrid photodetector. b) Time-dependent photoresponse of the device to repeat-
able on/off light with wavelengths of 254 nm. c) Absorption spectrum of the FA0.85Cs0.15PbI3 film, DNTT film, and FA0.85Cs0.15PbI3/DNTT hybrid film 
on quartz substrate. d) Time-dependent photoresponse of the device to periodic on/off illumination at wavelengths of 850 nm.

Figure 4. a) Schematic illustration of the setup for response speed measurement. b–d) Photoresponse of the device under 450 nm light illumina-
tion with a frequency of 10, 50, and 200 Hz, respectively, the light intensity is 1.27 mW cm−2. e) Single magnified photoresponse curve at 200 Hz for 
estimating both rise/fall times.
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photodetectors with high responsivity are often characterized 
by a very slow response speed. It even constitutes the fastest 
device among perovskite/OSCs, perovskite/graphene, and 
perovskite/2D TMD hybrid photodetectors reported to date 
(Table 1), suggesting promising applications for high-speed 
optoelectronic devices and systems. This rapid response speed 
could be attributed to the following two reasons. First, due to 
the vertical heterostructure of the double-layer thin films, the 
photoexcited holes generated in the perovskite can be quickly 
transported to the DNTT layer. This is quite different from the 
situation in the perovskite QDs/DNTT heterostructure reported 
previously, where photocarriers needed to transfer between 
adjacent QDs before arriving at the DNTT layer.[35] The pres-
ence of organic ligands around the QDs may also influence the 
charge transfer process. In addition, in comparison to those of 
other perovskite films with similar carrier lifetimes, Cs-doped 
FAPbI3 perovskite films possess relatively longer carrier diffu-
sion lengths and lower trap densities,[42] which would reduce 
the probability of trapping/detrapping photocarriers during 
their transfer between the perovskite and DNTT and is there-
fore helpful for fast response speeds.

We further characterized the repeatability and air stability 
of the hybrid photodetector, which are critical parameters for 
practical application. Figure 5a shows the time-dependent 
photoresponse under continuously switched 450 nm irradia-
tion over 1000 cycles of operation. Remarkably, the photore-
sponse remained almost unchanged with slight fluctuations in 
photocurrent, most likely caused by the variation in incident  

light intensity for each cycle, implying excellent repeat-
ability and long-term durability. Figure 5b,c summarizes the 
evolution of both the dark current and photocurrent under illu-
mination with 254, 450, and 850 nm light in ambient condi-
tions (relative humidity: 45–55%) without any encapsulation  
and protection for different durations (30 and 90 d). The dark 
current remained nearly identical, whereas the photocurrent 
suffered from a degree of degradation after storage for 90 d. 
Careful analysis found that the photocurrent only decreased 
by 5–10% after storage for 30 d and 10–25% after storage for 
90 d (the percentage is dependent on the incident wavelength). 
Such good device stability was attributed to the compact DNTT 
layer that can prevent moisture ingress into the perovskite 
(although the degradation of perovskite cannot be avoided, as 
shown in Figure S6, Supporting Information).[53]

As mentioned above, the recombination of the photocarriers 
before the extraction of holes near the perovskite/DNTT inter-
face is harmful to the photoresponse of the hybrid photode-
tector. One possible solution to this issue is to import electron 
accepting sites to selectively trap photoexcited electrons, which 
can avoid carrier recombination within the perovskite active 
layer and therefore improve the device performance. In light of 
this, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), a typical 
electron acceptor that has been widely used in perovskite solar 
cells was incorporated into the perovskite layer to form bulk 
heterojunctions (BHJs).[54,55] Figure 6a shows the energy band 
diagram of perovskite-PCBM BHJ/DNTT hybrid heterostruc-
ture, where it can be seen that once the PCBM was doped into 

Adv. Optical Mater. 2019, 1900272

Figure 5. a) Time-dependent photoresponse of the device over 1000 cycles of operation at 3 V bias. Wavelength: 450 nm, the light intensity 
is 0.43 mW cm−2. b,c) The evolution of dark current and photocurrent of the hybrid photodetector under 254, 450, and 850 nm illuminations in 
ambient conditions for varied durations.
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the perovskite, the existence of BHJs of perovskite and PCBM 
can facilitate the fast dissociation of excitons.[55] Due to the 
decreased energy, electrons can be effectively transferred to the 
PCBM sites, which spatially separates electrons and holes and 
thus reduces their recombination. On the other hand, holes are 
readily transferred and extracted near the BHJ/DNTT interface 
and then continue to transport within the DNTT channel.

For comparison, five different concentrations of PCBM with 
weight ratios of 0 (without PCBM), 0.1, 0.5, 1, and 2% were 
studied (the detailed preparation procedures can be found in 
the Experimental Section).[55] It was interesting to find that 
after doping with different amounts of PCBM, the five perov-
skite/DNTT and perovskite-PCBM BHJ/DNTT heterostruc-
ture detectors nearly had the same dark current (Figure S7,  
Supporting Information). Figure 6b compares the I–V char-
acteristics of five perovskite/DNTT and perovskite-PCBM 
BHJ/DNTT heterostructures under illumination with 450 nm 
light. The photocurrent was only ≈1.0 µA for the perovskite/
DNTT-based device without doping. With the gradual addition 
of PCBM from 0.1 to 0.5%, the photoresponse significantly 
increased, which is understandable because an elevated con-
centration of PCBM can provide more sites for efficient trap-
ping of electrons. The photocurrent increased to ≈10.0 µA for 
perovskite-1% PCBM BHJ/DNTT-based devices, representing 
the highest value compared with that of other samples. How-
ever, further increasing the PCBM concentration to 2% led 
to severe degradation in the photocurrent. This could be 
explained by the change in the structure of FA0.85Cs0.15PbI3 
perovskite with excess PCBM addition. As shown in Figure 6c, 
in addition to the FA0.85Cs0.15PbI3 phase, new diffraction peaks 

attributable to CsPbI3 perovskite appeared in the XRD pat-
tern of the BHJ film with 2% PCBM. By comparing the time-
dependent photoresponse of the hybrid photodetectors with 
different PCBM concentrations in Figure 6d, it can be found 
that all the devices exhibited prominent switching character-
istics with a fast response speed and excellent reproducibility 
under periodically switched light illumination, and the varia-
tion of the photocurrent with PCBM concentration was con-
sistent, according to the I–V curves shown in Figure 6b. The 
corresponding R values were calculated and plotted as a func-
tion of incident light intensity (Figure 6e). For all devices, the 
R values were found to decline with increasing light intensity 
due to recombination loss at a higher light intensity. Similar 
to the photocurrent, the R also depended strongly on the 
PCBM concentration: The value first increased gradually with 
the PCBM concentration changing from 0 to 1% and then 
declined significantly when increasing the PCBM concen-
tration to 2%. At a low light intensity of ≈46 nW cm−2, the 
R value reached 5.96 × 103 A W−1 for perovskite-1% PCBM 
BHJ/DNTT-based devices, which was nearly eight times 
higher than that of the hybrid photodetector without PCBM 
(759 A W−1). The enhanced R values in samples with PCBM 
additives could be ascribed to the additional photoconductive 
gain (Figure 6f) due to the increased trapping time of elec-
trons at PCBM sites, which is discussed later. In addition, 
the n

2
1/2

i  at 1 Hz bandwidth was calculated to be ≈1 pA Hz−1/2 
for the 1% PCBM device (Figure S8, Supporting Information), 
which is nearly identical to that of the detector without PCBM 
and implies that the PCBM addition did not influence the 
noise current of the hybrid photodetectors. Therefore, the D* 
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Figure 6. a) Energy band diagram of the perovskite-PCBM BHJ/DNTT heterostructure. b) I–V characteristics of perovskite-PCBM BHJ/DNTT-
based detectors under 450 nm illumination (2.31 mW cm−2) with different PCBM concentrations: 0, 0.1, 0.5, 1, and 2%. c) XRD pattern of perovs-
kite-PCBM BHJ/DNTT films with different PCBM concentrations. d) Time-dependent photoresponse of the devices under 450 nm illumination 
(2.31 mW cm−2). e) Responsivity as a function of light intensity for the perovskite-PCBM BHJ/DNTT heterostructure detectors with different PCBM 
concentrations. f) Gain of the samples with different PCBM concentrations (≈46 nW cm−2).
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value was estimated to be as high as 7.96 × 1013 Jones for the 
perovskite-1% PCBM BHJ/DNTT hybrid detector.

To understand the selective electron trapping effect, PL 
measurements on the BHJs with different PCBM concentra-
tions along with the pure perovskite film were conducted. As 
shown in Figure 7a, all the spectra had a nearly identical peak 
position and a similar spectral line shape, suggesting that the 
addition of PCBM did not alter the origin of the optical tran-
sition. However, the PL intensities varied significantly: The 
intensity values for BHJs with 0.1, 0.5, and 1% PCBM were 
only ≈33.5, ≈15.9, and ≈5.5% of the pure perovskite film, 
respectively. Such a dramatic quenching of the PL intensity 
implies that a nonradiative kinetic process rather than radia-
tive recombination began to dominate in the FA0.85Cs0.15PbI3 
perovskite with PCBM addition. In fact, photoexcited electrons 
in perovskite can quickly transfer to PCBM, whereas holes 
need to stay in the perovskite grains. Because of its low con-
centration, PCBM is likely to form discontinue sites distributed 
uniformly in the BHJs. Such a distribution can lead to the trap-
ping of electrons in PCBM sites and the spatial separation of 
photocarriers that can suppress their radiative recombination 
and extend the lifetimes of photocarriers. As a result, the BHJ 
of perovskite and PCBM was greatly beneficial for separating 
electrons and holes, which diminished radiative recombination 
loss and therefore enhanced the photoresponse. These results 
further confirm that hole transport in the DNTT layer domi-
nated the photocurrent of the present hybrid photodetector 
as well.

Further device performance analysis revealed that the doping 
of PCBM can also influence the response speed. Figure S9 
(Supporting Information) depicts the photoresponse of perovs-
kite-PCBM BHJ/DNTT photodetectors with different PCBM 
doping concentrations, from which the corresponding rise/
decay times of each device were determined and summarized 
in Figure 7b. It was observed that both rise and decay times 
slightly increased with increasing concentrations of PCBM 
additives. The increased rise time suggested that a longer dura-
tion was required to achieve an equilibrium state, which is char-
acterized by equal rates of trapping and detrapping of electrons. 
Normally, during the electron trapping process, electrons tend 
to fill the trap states from deeper to shallower energy levels in 
the PCBM sites.[8] Therefore, as the concentration of PCBM 
increases, more deep trap states are involved in the electron 

trapping process. On the other hand, detrapping of electrons 
from deep trap states typically takes a longer time than that 
from shallow trap states.[24,37] This explains the longer rise 
time observed for the detector with a higher PCBM concentra-
tion. In addition, for these devices, the longer decay time was 
attributed to the slower recombination of photoexcited elec-
trons and holes after tuning off the light illumination because 
electrons need to be released from the deep trap states in the 
PCBM sites. The slowest response speeds were calculated to be 
2.33/3.28 ms (rise/decay times) for the perovskite-1% PCBM 
BHJ/DNTT-based device. Such a response is slower than for 
the device without PCBM doping but is comparable to, or even 
much faster than, those of previously reported hybrid photo-
detectors based on perovskite/OSCs, perovskite/graphene, and 
perovskite/2D TMDs (see Table 1).

3. Conclusion

In conclusion, we developed a high-performance and broadband 
photodetector based on a vertically stacked FA0.85Cs0.15PbI3 
perovskite/DNTT heterojunction. Due to the strong photogating 
effect, the as-fabricated hybrid detector exhibited a high respon-
sivity of 778 A W−1, a detectivity of 1.04 × 1013 Jones, and a gain 
of 2.1 × 103. Furthermore, the device also displayed excellent 
stability and maintained nearly 80% of the initial photoresponse 
value after storage in air for 90 d. To further optimize the per-
formance of the photodetector, PCBM was directly doped into 
the perovskite, which promoted electron–hole separation and 
provided electron accepting sites to selectively trap electrons. 
Further device analysis revealed that the as-doped perovskite-
PCBM/DNTT hybrid photodetector displayed an improvement 
of nearly eight times in both the responsivity and specific detec-
tivity over those of the device without PCBM doping.

4. Experimental Section
Material Preparation and Characterization: The FA0.85Cs0.15PbI3 

perovskite precursor was first prepared by dissolving 461 mg 
PbI2 (Aldrich, 99%), 145 mg FAI (Xi’an Polymer Light Technology 
Cory, 99.5%), and 38.9 mg CsI (Aldrich, 99.9%) in a mixed solvent 
comprising 200 µL dimethyl sulfoxide (DMSO, Aldrich, >99.9%) 
and 800 µL N,N-dimethylformamide (DMF, Aldrich, 99.8%). The 

Figure 7. a) PL spectra of perovskite films doped with different amounts of PCBM. b) The rise/decay time of the perovskite-PCBM BHJ/DNTT films 
with different PCBM concentrations: 0, 0.1, 0.5, and 1%.
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as-prepared solution was then stirred at 70 °C overnight prior to 
use. The FA0.85Cs0.15PbI3 film was fabricated by spin-coating 60 µL 
of the above precursor onto a clean glass substrate at 600 rpm 
for 10 s, cleansing with antisolvent 20 µL ethyl acetate, spinning at 
2000 rpm for another 20 s, and finally annealing at 135 °C for 15 min. 
To synthesize the perovskite-PCBM BHJ films, PCBM solutions with 
different concentrations were first obtained by dissolving different 
amounts of PCBM (Xi’an Polymer Light Technology Cory, 99.5%) into a 
chlorobenzene solvent. Then, 10 µL of PCBM chlorobenzene solutions 
with different concentrations were separately mixed with 1 mL 
FA0.85Cs0.15PbI3 perovskite precursor solution to obtain BHJ precursor 
solutions with different PCBM weight ratios of 0.1, 0.5, 1, and 2% 
relative to perovskite. For comparison, 10 µL chlorobenzene without 
PCBM was also incorporated into the perovskite precursor solution 
for preparing the control device. The BHJ precursor solutions were 
spin-coated onto a clean glass substrate at 600 rpm for 10 s and then 
1600 rpm for 20 s. During the spin-coating, 20 µL ethyl acetate acting 
as antisolvent was dropped onto the substrate. Afterward, the sample 
was annealed at 100 °C for 15 min, followed by annealing at 70 °C  
for 20 min and 100 °C for 10 min to remove residual solvent. The 
morphology of the as-prepared films was characterized by a FESEM 
(Hitachi, SU8020). The optical absorption spectra were recorded using 
a UV–vis spectrophotometer (UV-2550, Shimadzu, Japan). The phase 
composition of the samples was studied using an X-ray diffractometer 
(Rigaku D/max-rB). A confocal laser Raman spectrometer (Horiba 
Jobin Yvon, Labram HR evolution) was employed to record the PL 
spectra.

Device Fabrication and Analysis: To fabricate the hybrid photodetectors, 
thin films of FA0.85Cs0.15PbI3 perovskite or FA0.85Cs0.15PbI3 perovskite-
PCBM BHJ were first prepared on a cleaned SiO2 (300 nm)/Si substrate, 
followed by thermal evaporation of DNTT film to form a vertically 
stacked heterostructure. Afterward, Au source/drain electrodes with a 
thickness of ≈50 nm were fabricated via an electron-beam evaporator 
through a shadow mask with a channel width of 18 µm. The electrical 
measurements were conducted with a semiconductor characterization 
system (4200-SCS, Keithley Co. Ltd.), equipped with a monochromator 
(SP 2150, Princeton Co.). To study the optoelectronic properties, laser 
diodes (Tanon Company, UV-100) with different wavelengths (254, 450, 
and 850 nm) were adopted. The power intensity of the light sources was 
carefully calibrated by a power meter (Thorlabs GmbH., PM 100D) before 
measurement. For the response speed study, the device was illuminated 
with a laser diode driven by a high-frequency signal generator, and the 
pulsed voltage was recorded by an oscilloscope (Tektronix, TDS2012B). 
Unless otherwise specified, all measurements were performed in air at 
room temperature.
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