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An ultrafast-response and high-detectivity
self-powered perovskite photodetector based on
a triazine-derived star-shaped small molecule as a
dopant-free hole transporting layer†

Chengwei Shan,‡a Fei Meng,‡a Jiahao Yu,a Zhangxia Wang,c Wenhui Li, a

Dongyu Fan,a Rui Chen, a Haibo Ma, c Gongqiang Li *b and
Aung Ko Ko Kyaw *a

Organic–inorganic hybrid perovskites (OIHPs) are becoming appealing for photodetectors due to their

excellent optoelectronic properties, but the drawbacks of the commonly used interfacial layers in OIHP

photodetectors such as the necessity of doping, high cost and stability issues hinder the further development

of this technology. Herein, a star-shaped small molecule with a triazine core unit named Triazine-Th-

OMeTAD was synthesized and employed as a dopant-free hole transporting layer in an OIHP photodetector.

The Triazine-Th-OMeTAD provided a low-trap-density perovskite film, efficient charge extraction and a

large electron injection barrier. As a result, the optimized OIHP photodetector with the Triazine-Th-

OMeTAD HTL exhibited a low dark current of 1.09 nA cm�2, a high responsivity of 0.47 A W�1, and a high

specific detectivity of over 8.2 � 1012 Jones at zero bias. Remarkably, a response speed of 18 ns was

obtained at a large active area of 11 mm2. The high-performance OIHP photodetector demonstrated here

acts as a promising candidate for low-cost and high-performance near-ultraviolet-visible photodetection,

which is applicable in quick frame rate visible imagers, optical communications and many more.

Introduction

Photodetectors, which convert incident photons into free
charge carriers, are extremely important to industrial and
scientific applications, including optical communications,
environmental monitoring, biological sensing and surveillance
camera systems.1–4 Therefore, photodetectors with self-power
detection, broad spectrum detection, fast response, high
responsibility (R) and high detectivity (D*) have high commer-
cialization prospects. Recently, organic–inorganic hybrid
perovskites (OIHPs) have attracted extensive attention for
photodetectors due to their solution-processibility as well as

their excellent intrinsic optoelectronic properties such as non-
excitonic features,5 direct bandgaps with large absorption
coefficients in the UV-vis range,6 long carrier diffusion lengths,
high mobility with balanced charge transport,7 and low defect
densities.8 Because of high absorption coefficients, OIHP-based
photodetectors can be made with a very thin active layer (a few
hundred nanometers only), which can further reduce the
transit time of carriers, demonstrating good potential for fast-
response photodetectors in a sub-nanosecond time scale.9

A good response only in the UV-vis region yet negligible
response in the NIR region is also attractive for imagers in
digital cameras, eliminating the necessity of infrared filters for
high image quality.9 A remarkable device performance was
achieved by manipulating the perovskite film with various
techniques such as cation engineering,10 gradient 3D/2D
perovskite films for efficient charge separation,11 thin single-
crystal films12 and so on.

In addition to high-quality OIHP crystals, interface engineering
with electron transport layers (ETLs) or hole transport layers (HTLs)
is also critical for achieving high-performance OIHP photo-
detectors. With interface engineering, charge recombination and
dark current are suppressed via surface trap passivation,9,13

increasing carrier injection barriers,14 and efficient charge carrier
extraction at the interfaces,15 while the device stability is also
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improved via the encapsulation effect.16 The efficient charge
extraction and dark current reduction eventually lead to large
responsivity, high specific detectivity, and fast response time for
further improvement in the performance of perovskite
photodetectors.17,18 However, there are several drawbacks in the
commonly used HTLs of the reported OIHP photodetectors, for
both regular and inverted structures. For example, Spiro-OMeTAD,
a state-of-the-art HTL used in regular structure devices, requires
ionic salt doping to improve the hole conductivity, and in turn to
accelerate the response time of the photodetector, but doping
adversely affects the stability of the device.19 Moreover, it requires
multistep synthesis, which makes the material expensive
(roughly 400 USD per gram),20 resulting in high production cost
for commercial photodetectors. On the other hand, poly(3,4-
ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS) is a
commonly used HTL in inverted structure devices. Unlike Spiro-
OMeTAD, it does not require any doping but its hygroscopic and
acidic nature leads to the degradation of the perovskite film and
corrosion of the electrodes and hence, negatively influences the
stability of the device.21,22 Besides, another key issue associated
with PEDOT:PSS is that the grain size of the perovskite crystals
fabricated on PEDOT:PSS is relatively small thanks to the hydro-
philic nature of PEDOT:PSS, resulting in recombination loss at
grain boundaries and relatively slow response time of the
device.17,23 Compared with PEDOT:PSS, the hydrophobic
poly[bis(4-phenyl)(2,4,6-trimethyphenyl)amine] (PTAA) plays an
important role in the growth of grains and the reduction of the
grain boundary area, and it also minimizes the grain boundary
energy.9,24 Therefore, the photodetector with PTAA as the HTL
exhibited a fast response time of B1 ns for a small active area of
0.04 mm2, but the response is still slow for a large active area
(115.1 ns for an active area of 7 mm2)9 and hence, it is not
appealing for large-area photodiodes, which is usually ideal for
instrumentation and monitoring applications. Moreover, PTAA is
extremely expensive, and its cost is about 50 times that of gold,
hindering its application in large-scale manufacturing. Therefore, it
is extremely urgent to explore new HTMs to further improve the
device performance of OIHP photodetectors without comprising
the stability and cost, but only a few new HTMs have been reported
for OIHP photodetectors so far.17

Recently, our group has developed a couple of new small
molecules as dopant-free HTLs for OIHP solar cells by employing
a cyclooctatetrathiophene (COTh) or bifluorenylidene core with a
triphenylamine arm unit.25–27 These easy and costless synthesized
dopant-free HTLs demonstrate excellent advantages on charge
extraction and transfer, crystallization and passivation of OIHP,
yielding high power conversion efficiency and very good stability.
All these results inspired us to explore their applications in OIHP
photodetectors. Herein, we synthesized a new hole transporting
material with a star-shaped donor–p–acceptor (D–p–A) system
named Triazine-Th-OMeTAD28 by employing an electron-
deficient 1,3,5-triazine as the core, thiophene as the p-linker
and the triphenylamine unit as the ending group in only one-
step with low cost and high total yields. Considering the chemical
structure, the new HTM may have several advantages in OIHP
photodetector devices, such as: (1) with the planar 1,3,5-triazine

core and thienyl units, Triazine-Th-OMeTAD will display much
better intermolecular p–p stacking interactions and yield higher
hole mobility compared to spiro-orthogonal structures,22 which is
beneficial to efficient charge extraction and transfer, and in turn,
fast response speed;28 (2) the N-enriched triazine and thienyl units
can enhance the interactions of HTLs with both ITO and the
perovskite layer, which will boost the hole transport from the
perovskite to the electrode; and (3) as a sub-layer in inverted
structures, N, S, and O will also enhance the crystallinity and
passivation of OIHP, resulting in larger grain size, better film
coverage and higher crystallinity of OIHP films.29 All these
advantages promise us an excellent perspective of Triazine-Th-
OMeTAD in OIHP photodetectors.

We first utilized Triazine-Th-OMeTAD as the dopant-free
HTL in an inverted planar structure perovskite (MAPbI3) photo-
detector and demonstrated an unprecedented device performance.
As promised, it also serves as a foundation layer for the growth
of high-quality MAPbI3 crystalline films with large grain sizes.
Moreover, a very shallow LUMO level of Triazine-Th-OMeTAD
creates a huge electron injection barrier, which is an important
criterion for a high-performance photodetector to reduce dark
current. In addition, it provides efficient hole extraction from
perovskite due to the suitable energy-level alignment with the
perovskite and high hole mobility, leading to fast response
speed in the photodetector. Through optimizing the thickness
of Triazine-Th-OMeTAD (concentration of precursor solution),
the OIHP photodetectors achieve a low dark current density of
1.09 nA cm�2, a responsivity (R) of 0.47 A W�1, a very fast
response speed of 18 ns for a large active area (11 mm2), a large
dynamic linear response range of 166 dB and a specific
detectivity exceeding 8.2 � 1012 Jones at zero bias. Our result
indicates that with appropriate HTLs, the OIHP photodetectors
act as a promising candidate for high-performance self-
powered UV-visible photodetection.

Results and discussion

The compound of Triazine-Th-OMeTAD (Fig. 1) was synthesized
by the Suzuki cross-coupling reaction as shown in the Scheme
(Fig. S1, ESI†). The detailed synthesis route of Triazine-Th-
OMeTAD can be found in the ESI.† To understand the electronic
structure of Triazine-Th-OMeTAD, theoretical calculations based
on density functional theory (DFT) were performed using the
Gaussian 09 software package.30 The monomer geometry was
optimized at the PBE0/6-31G(d,p) level,31 and the frequency
check was used to ensure the nature of the stationary point for
the optimized molecule. As shown in Fig. 1a, the 1,3,5-triazine
and thienyl units are in the same plane and the degree of
distortions between the thienyl units and the triphenylamine
units is 21.21, 21.01 and 21.21, respectively. (y1, y2, and y3 in
Fig. 1a).

The frontier molecular orbitals (FMOs) were employed to
illustrate the carrier transport capability. The spatial distribution
of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) is plotted in
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Fig. 1b. The electron density flows from the end groups to the
core groups for the HOMO - LUMO excitations. The distributions
of HOMO and LUMO spread over the conjugated backbone show
p-orbital features. The HOMO is mainly localized on the
triphenylamine units and the thienyl units, while the LUMO is
mainly distributed on the 1,3,5-triazine core and the thienyl
moieties with negligible contributions from the triphenylamine
units. This demonstrates that the triphenylamine units serve as
donors while the thienyl units and 1,3,5-triazine core serve as
acceptors, respectively. Additionally, the calculated EHOMO and
ELUMO values (�5.00 eV and �2.49 eV, ELUMO = EHOMO + Eex, where
Eex represents the first vertical excited energy32–34) at the PBE0/
6-31G(d,p) level are close to the experimental results.

Based on the optimized structure, the absorption spectra of
Triazine-Th-OMeTAD in both the solution and the film state
were studied by UV-vis measurements. As shown in Fig. S5
(ESI†) and Table 1, Triazine-Th-OMeTAD exhibits the labs/max
around 400–550 nm. The absorption bands in the 300–350 nm
region can be assigned to the p–p* transition of the triphenyl-
amine moieties.35 The absorption at 455 nm of Triazine-Th-
OMeTAD in solution is attributed to the p–p* transition of the
conjugated system of the triphenylamine unit and triazine core.
The absorption spectrum of the spin-coated thin film is slightly
broadened and red-shifted, in comparison to that of a solution,
due to the slightly stronger intermolecular p–p stacking in the
film.36–39 The optical bandgap of Triazine-Th-OMeTAD is
estimated to be 2.30 eV based on the absorption onset at

538 nm of the film. The HOMO energy level of Triazine-Th-
OMeTAD is �5.57 eV, which is determined by ultraviolet
photoelectron spectroscopy (Fig. S6, ESI†), indicating a well-
match with the valence band edge of the perovskite. The LUMO
is �3.27 eV, which is calculated from the HOMO energy and
optical bandgap. All the optical and electrochemical properties
are summarized in Table 1.

The thermal behaviour of HTM was determined by thermal
gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) measurements as shown in Fig. S7 (ESI†) and Table 1.
Triazine-Th-OMeTAD displays a good thermal stability in the TGA
test with 5% weight loss observed at 449 1C. DSC scans demon-
strate that Triazine-Th-OMeTAD is naturally in amorphous
phases, with a glass transition temperature (Tg) observed at
140 1C. A high decomposition temperature (Td = 422 1C) and a
glass transition temperature (Tg = 140 1C) are essential for
device fabrication and the long-term photostability of photo-
detectors, particularly in the p–i–n structure, in which the
perovskite is deposited on top of the HTM and subsequently
thermally annealed at elevated temperatures. The space charge
limited current (SCLC) method was used to estimate the hole
mobility of Triazine-Th-OMeTAD by constructing a hole-only
device with a structure of ITO/PEDOT:PSS/Triazine-Th-
OMeTAD/Au. A hole mobility of 2.06 � 10�4 cm2 V�1 s�1

was obtained from the SCLC measurements (Fig. S8, ESI†),
exhibiting high mobility, which is beneficial for charge trans-
port to the electrode.

Fig. 1 (a) Optimized geometry of Triazine-Th-OMeTAD; (b) FMO distributions of Triazine-Th-OMeTAD at the PBE0/6-31G(d,p) level; and (c) the
chemical structure of Triazine-Th-OMeTAD.

Table 1 Optical and electrochemical properties of Triazine-Th-OMeTAD

lsol
a [nm] lfilm

b [nm] Eopt
g

c [eV] EHOMO
d [eV] ELUMO

e [eV] Td [1C] Tg [1C] mh [cm2 V�1 s�1]

Triazine-Th-OMeTAD 455 460 2.30 �5.57 �3.27 449 140 2.06 � 10�4

a Solution absorption spectra (1 � 10�5 M in chloroform). b Absorption spectra of films on quartz. c Optical bandgap (Eopt
g ) estimated from the

edge of absorption spectra. d Determined by ultraviolet photoelectron spectroscopy. e ELUMO = EHOMO + Eopt
g .
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To investigate the application of Triazine-Th-OMeTAD as an
HTL in photodetectors, we fabricated the MAPbI3 perovskite
films on top of the Triazine-Th-OMeTAD layer via a simple
one-step solution process followed by a subsequent thermal
annealing step. The device structure of our OIHP photodetectors
is schematically shown in Fig. 2a and composed of indium
tin oxide (ITO)/Triazine-Th-OMeTAD/MAPbI3/phenyl-C61-butyric-
acid methyl ester (PC61BM)/2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP)/silver (Ag). We also prepared the devices
with PEDOT:PSS as an HTL, for comparison. The star-shaped
Triazine-Th-OMeTAD plays an important role in the formation of
high-quality perovskites, which can be clearly seen in the cross-
sectional scanning electron microscopy (SEM) image of the
perovskite film on Triazine-Th-OMeTAD (Fig. 2b). The perovskite
film is very flat, which also indicates that the film is 257 nm
thick. After that, it can be seen that the PC61BM (50 nm)/BCP
(8 nm) completely covers the whole perovskite layer, avoiding
direct contact between the perovskite layer and the cathode
metal, hence reducing the leakage current. Finally, the device
fabrication was finished by the thermal evaporation of 100 nm
silver (Ag) as the top electrode. Fig. 2c displays the dark current
and photocurrent density (under air mass 1.5 global illumination)
of the OIHP photodetectors under the bias ranging from�0.5 V to
1.0 V. It can be seen that the reverse-bias dark current of the
Triazine-Th-OMeTAD-based photodetector exhibits a value of
1.0 � 10�3 mA cm�2 under �0.5 V, which is two orders of
magnitude smaller than that of the PEDOT:PSS-based photo-
detector. It can also be seen that the photocurrent of the
Triazine-Th-OMeTAD-based device is about 22 mA cm�2, which
is higher than that of the PEDOT:PSS-based device, exhibiting a
high on–off ratio. This enables OIHP photodetectors to achieve a
large linear dynamic range (LDR) and high specific detectivity.
The energy levels of individual layers used in the OIHP

photodetector are shown in Fig. 2d. Under illumination, the
electron–hole pairs are generated in the perovskite, and the holes
are extracted by HTL to the ITO electrode while the electrons are
extracted via PCBM to the Ag electrode, generating the corres-
ponding photocurrent. The LUMO level of Triazine-Th-OMeTAD is
�3.27 eV, therefore, with Triazine-Th-OMeTAD as the HTL, the
electron injection barrier between ITO and MAPbI3 increases
significantly from 0.8 to 1.43 eV. This considerably suppressed
the electron injection in the dark from the external circuit and
thus reduces the dark current.9,17,40 A strong dark current
suppression by a large electron injection barrier was also observed
in organic photodetectors.41,42 On the other hand, this low dark
current can also be attributed to BCP, which can create a large
hole injection barrier of 2.5 eV at the Ag/BCP interface.

To further understand how the star-shaped Triazine-Th-
OMeTAD enhances the performance of the OIHP photodetector,
various characterizations were carried out. We optimized the
thickness of Triazine-Th-OMeTAD by varying the concentrations
of Triazine-Th-OMeTAD (namely, 0.5 mg mL�1, 1.0 mg mL�1,
2.0 mg mL�1, 3.0 mg mL�1 and 6.0 mg mL�1 in chlorobenzene).
The average thicknesses of the films fabricated from
0.5 mg mL�1, 1.0 mg mL�1, 2.0 mg mL�1, 3.0 mg mL�1 and
6.0 mg mL�1 concentrations are 5.3 nm, 7.9 nm, 15.8 nm,
21.4 nm and 31.7 nm, respectively (Fig. S9, ESI†). The atomic
force microscopy (AFM) was then performed to examine the
surface topography of the Triazine-Th-OMeTAD films fabricated
from different concentrations and the PEDOT:PSS film. As
shown in Fig. S10 (ESI†), this star-shaped material exhibits a
smoother and more homogeneous surface with a root-mean-
square (rms) roughness of 1.424 nm, compared to PEDOT:PSS
with an rms of 1.913 nm. In an inverted structure photodiode,
the HTL also serves as a foundation layer for the perovskite
crystal growth, and hence influences the morphology of the

Fig. 2 (a) Schematic device structure; and (b) the cross-sectional SEM image of the OIHP photodetector; (c) current density–voltage (J–V)
characteristics: photocurrent density under air mass 1.5G illumination (100 mW cm�2), and dark current density of the OIHP photodetector; (d) the
schematic energy diagram of the OIHP photodetector, comparing the energy levels of Triazine-Th-OMeTAD and PEDOT:PSS.
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perovskite film. Therefore, the morphology of perovskite films
fabricated on different concentrations of Triazine-Th-OMeTAD
as well as on PEDOT:PSS was examined. As shown in Fig. 3a–f,
the grain size of perovskite is small on PEDOT:PSS, while it
becomes larger on Triazine-Th-OMeTAD. It has been reported
that the hydrophobicity and dense surface can lead to a large
perovskite crystal size, but PEDOT:PSS is classified as a hydro-
philic surface.24 Herein, we discuss the role of different HTLs on
perovskite crystallization more directly by the contact angle
measurements of the deionized water, which is displayed in
the insets of Fig. 3a–f. It can be found that the deionized water
has a much stronger surface affinity for PEDOT:PSS than
Triazine-Th-OMeTAD. There is a strong interfacial adhesion
between the perovskite phase and PEDOT:PSS, thus the perovskite
phase cannot move on the PEDOT:PSS surface, and the grain
growth near the contact interface is limited, leading to the
formation of a small grain region.43,44 In comparison, the
perovskite phase can move on the surface of hydrophobic HTLs
more easily, which is beneficial for larger grain formation.
Therefore, the grains of the perovskite film fabricated on

Triazine-Th-OMeTAD are much larger than those of the
perovskite film on PEDOT:PSS.

We monitored the steady-state photoluminescence (PL) of
the perovskite films fabricated on different concentrations of
Triazine-Th-OMeTAD as well as PEDOT:PSS to investigate the
charge extraction of different HTLs. The PL spectra show a wide
absorption over the visible spectral range, with a PL peak at
780 nm, as shown in Fig. 4a. The PL intensities are obviously
decreased in the samples with Triazine-Th-OMeTAD, compared
to that with PEDOT:PSS, indicating that Triazine-Th-OMeTAD
is more efficient to extract holes from the perovskite layer than
PEDOT:PSS. The time-resolved photoluminescence (TRPL)
was also performed to investigate the charge extraction and
collection processes at the HTM/MAPbI3 interface, as shown in
Fig. 4b. The TRPL decay data were fitted with a multiexponential
function (Table S1, ESI†).45,46 The average carrier lifetimes of
MAPbI3 formed on PEDOT:PSS and various concentrations of
Triazine-Th-OMeTAD (0.5 mg mL�1, 1.0 mg mL�1, 2.0 mg mL�1,
3.0 mg mL�1 and 6.0 mg mL�1) are 10.62, 6.78, 4.32, 4.11, 3.83
and 5.39 ns, respectively, implying that the charge carriers are

Fig. 3 Surface SEM images of the MAPbI3 layer on (a) PEDOT:PSS; (b) 0.5 mg mL�1 Triazine-Th-OMeTAD; (c) 1.0 mg mL�1 Triazine-Th-OMeTAD;
(d) 2.0 mg mL�1 Triazine-Th-OMeTAD; (e) 3 mg mL�1 Triazine-Th-OMeTAD and (f) 6.0 mg mL�1 Triazine-Th-OMeTAD, and the insets are the contact
angels of the deionized water on the surface of different HTLs.

Fig. 4 (a) Steady-state PL spectra and (b) the decay curves of the TrPL intensity of the perovskite fabricated on the different concentrations of Triazine-
Th-OMeTAD and PEDOT:PSS HTL using a 445 nm laser.
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rapidly extracted from the perovskite at the perovskite/Triazine-
Th-OMeTAD interface. X-Ray diffraction (XRD) characterization
was employed to further survey the crystallinity of perovskite
films based on Triazine-Th-OMeTAD and PEDOT:PSS. From the
XRD results (Fig. S11, ESI†), the Triazine-Th-OMeTAD-based
perovskites achieved significantly enhanced diffraction intensities
of (110), (220) and (312) planes, compared with the PEDOT:
PSS-based perovskites, suggesting the improvement in the crystal-
linity of the film. According to the TRPL and XRD results, it can be
concluded that Triazine-Th-OMeTAD as the HTL is more
conductive to the perovskite crystal growth and the extraction of
charge carriers, compared with PEDOT:PSS. Moreover, the
absorption of the perovskite film fabricated on 3 mg ml�1

Triazine-Th-OMeTAD is higher than that on PEDOT:PSS
(Fig. S12, ESI†), which can be attributed to better film quality.

The trap density (ntrap) and hole mobility of the corresponding
perovskite films are evaluated based on the space-charge-limited
current (SCLC) measurements using the device structure of ITO/
HTL/perovskite/Au in the dark.40,45,47,48 Fig. 5 displays a kink in
each dark J–V curve of six hole-only devices. When the applied
voltage is lower than the kink-point voltage, the current density ( J)
increases linearly as V, indicating an Ohmic regime (n = 1). As it
goes beyond the kink-point voltage, the current density (J) exhibits
a sharp non-linear increase, indicating that the trap states are
fully filled by the injected carriers, called a trap-filled limited
regime (n 4 3). Then, when the voltage further increases, there is
a trap-free SCLC regime (n = 2). Here, trap density ntrap is linearly
proportional to trap-filled limit voltage VTFL at the kink point,
which is a transition of J–V behavior from Ohmic to TFL:49

VTFL ¼
entrapL

2

2e0e
(1)

where L is the thickness of the perovskites, e is the electron
charge, e is the relative dielectric constant, and e0 is the vacuum

permittivity. According to the SCLC analysis summarized in Table
S2 (ESI†), the trap density of the perovskite based on 3.0 mg mL�1

Triazine-Th-OMeTAD is 1.73 � 1016 cm�3, which is lower than
that of the perovskite based on PEDOT:PSS (8.26 � 1016 cm�3) or
other concentrations of Triazine-Th-OMeTAD. We also calculated
the hole mobility, mh, of each device by fitting the curves in the
regime of trap-free SCLC. The mh of the perovskite fabricated on
Triazine-Th-OMeTAD is higher than that fabricated on PEDOT:
PSS (2.85 � 10�4 cm2 V�1 s�1), regardless of the concentrations
except for 0.5 mg mL�1, especially the device based on 3 mg mL�1

Triazine-Th-OMeTAD (1.73 � 10�3 cm2 V�1 s�1). All these results
support that the Triazine-Th-OMeTAD hole transport material
can reduce the trap density and carrier recombination in the
perovskite films, resulting in higher sensitivity for photodetection.
Concurrently, the high hole mobility and efficient charge
extraction contribute to rapid response speed, which is consistent
with the results of TRPL.

We also carried out the photocurrent measurements (under
air mass 1.5 global illumination) of the OIHP photodetector
with different concentrations of Triazine-Th-OMeTAD as HTLs,
and compared to that of the PEDOT:PSS-based photodetector
(Fig. S13, ESI†). We found that the photocurrents of the devices
based on Triazine-Th-OMeTAD are higher than that of the
device based on PEDOT:PSS, for all concentrations of
Triazine-Th-OMeTAD. The photocurrent also increases
with the increase of concentrations but decreases beyond a
concentration of 3.0 mg mL�1. The maximum photocurrent of
22.09 mA cm�2 is obtained with 3.0 mg mL�1 of Triazine-Th-
OMeTAD. Therefore, we conclude that the Triazine-Th-OMeTAD
as HTL not only increases the grains but also offers high
photocurrent in the device. We further investigated the dark
current of the devices based on PEDOT:PSS and different
concentrations of Triazine-Th-OMeTAD, because the dark
current is an important parameter to determine the performance

Fig. 5 Current density–voltage characteristics of the devices with ITO/HTL/perovskite/Au configuration, where HTL is (a) PEDOT:PSS; (b) 0.5 mg mL�1;
(c) 1.0 mg mL�1; (d) 2.0 mg mL�1; (e) 3.0 mg mL�1 and (f) 6.0 mg mL�1, for estimating the defect density in the perovskite films.
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of the photodetectors (Fig. S14, ESI†). The device based on
3.0 mg mL�1 Triazine-Th-OMeTAD exhibits the lowest dark current
of 1.09 nA cm�2 at zero voltage. Fig. 6a shows the wavelength-
dependent external quantum efficiency (EQE) measured at 210 Hz
and zero bias. The device based on 3 mg mL�1 Triazine-Th-
OMeTAD shows an EQE of B80% in the visible region, and a peak
value of 87% at 500 nm. The corresponding responsivity (R) curve is
shown in Fig. 6b, indicating the maximum value of 0.47 A W�1

around 780 nm. From this, we can clearly see that, regardless of the
concentration, the EQE and R of the Triazine-Th-OMeTAD-based
devices are higher than those of the device based on PEDOT:PSS as
HTL. This can be attributed to the (1) lower defect density and high-
quality of the perovskite film fabricated on Triazine-Th-OMeTAD
and (2) lesser charge recombination at the Triazine-Th-OMeTAD/
MAPbI3 interface than at the PEDOT:PSS/MAPbI3 interface. In
general, most of the photogenerated carriers are created near the
MAPbI3/HTL interface in the inverted structure devices due to the
short penetration depth of high-energy photons and because
the MAPbI3/HTL interface is critical for charge recombination.
The comprehensive studies of other characteristics of the
optimized OIHP photodetector (based on 3.0 mg mL�1 of
Triazine-Th-OMeTAD) are described below.

The measured noise current curve of the optimized OIHP
photodetector is shown in Fig. 6c. The noise current is very low
and is barely sensitive to frequency, indicating the successful
passivation of the charge traps. The specific detectivity (D*) is
the most important parameter of device detection capability.
Based on the measured noise and R, the D* can be calculated
according to the following equation:8,50

D� ¼ R
ffiffiffiffiffiffiffi

AB
p

Inoise
(2)

where A is the device working area and B is the bandwidth.
The specific detectivity, D*, of our optimized OIHP

photodetectors as a function of spectral wavelength is
presented in Fig. 6d. The specific D* is above 4.0 �
1012 cm Hz1/2 W�1 from 350 to 790 nm, with a peak value of
8.2 � 1012 cm Hz1/2 W�1 at 780 nm, which is comparable with
the commercial Si photodiode at the same wavelength.
Therefore, with a suitable hole transporting material and inter-
face engineering, the perovskite photodetector shows a great
commercial potential. The linear dynamic range (LDR) of the
OIHP photodetector is shown in Fig. 7a. The LDR is calculated
by the following relation:51,52

LDR ¼ 20 log
Psat

Plow
(3)

where Psat and Plow are the highest and the lowest light
intensities among which the OIHP photodetector can keep
the linear response to the light intensity. The highest light
intensity of 4.3 mW cm�2 and the lowest light intensity of 2 �
10�8 mW cm�2 were achieved for our OIHP photodetector,
corresponding to the LDR of 166 dB.

In addition to D* and LDR, the response time is also an
important parameter for photodetectors, because it determines
the ability of photodetectors to truthfully record a high-
frequency incident light signal. In our work, the transient
photocurrent response (TPC) of the device under zero bias
was measured by exciting with a nanosecond laser at a wave-
length of 532 nm with a pulse width of around 1 ns and a
repeating frequency of 20 Hz. The TPC signal was recorded
using an oscilloscope with an input resistor of 50 O. As shown
in Fig. 7b, the ultrafast response time of the Triazine-Th-
OMeTAD-based photodetector is 18 ns for the rise time and
100 ns for the fall time with an active area of 11 mm2.
In contrast, the response time of the PEDOT:PSS-based device
is 143 ns (Fig. S15, ESI†). To the best of our knowledge, the
response time of 18 ns is the fastest response reported for OIHP

Fig. 6 (a) EQE and (b) spectral responsivity, R, of the devices with PEDOT:PSS and different concentrations of Triazine-Th-OMeTAD HTLs at zero bias;
(c) noise current as a function of signal frequency; (d) the specific detectivity of the OIHP photodetector as a function of wavelength under zero bias.

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 1
5 

M
ay

 2
02

1.
 D

ow
nl

oa
de

d 
by

 S
U

ST
ec

h 
on

 9
/7

/2
02

1 
9:

28
:2

1 
A

M
. 

View Article Online

https://doi.org/10.1039/d1tc01323h


This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9, 7632–7642 |  7639

photodetectors compared with the previous reports shown in
Table 2.9,14,17,23,53–55 The rise time was defined as the time for
the current to rise from 10% to 90% of the maximum value
while the fall time was defined as the response decreasing from
90% to 10% of the maximum value. Such a fast response speed
is attributed to the minimal trap charge recombination inside
the perovskite film as well as at the interface, and the efficient
charge extraction due to high mobility and suitable energy level
of the hole transporting material. In addition, the time-
dependent current (I–t) curve of the device is measured with a
bias voltage of 0 V (self-power condition) and bias 0.1 V under
monochromatic light (Fig. S16, ESI†). Under continuous testing
conditions, the photodetector exhibits stable and reproducible
photocurrent for several cycles, which meets the requirement
for real application.

The photocurrent response as a function of the modulation
frequency of the incident light is shown in Fig. 7c. The OIHP
photodetectors with an active area of 11 mm2 achieved a 3 dB
cut-off frequency of 3 MHz. This result provides direct evidence
of the excellent performance in optical communication for our
OIHP photodetectors. Long-term stability is another key

parameter for the practical applications of photodetectors,
which is still a challenging issue for many devices. To study
the long-term stability of self-powered photodetectors based on
Triazine-Th-OMeTAD, the spectral responsivity of the device
was measured periodically at a bias voltage of 0 V under 675 nm
illumination. The device was stored in air at room temperature
with a relative humidity (RH) of 20–30% without any encapsu-
lation. As shown in Fig. 7d, the device provided excellent
stability over 1000 h with only a slight reduction in responsivity,
and still maintained at more than 98% of the initial value,
showing long-term stability. The excellent long-term stability of
our devices can be ascribed to the hydrophobic nature of
Triazine-Th-OMeTAD, which has better stability than the hydro-
phobic PEDOT:PSS.

Conclusions

In summary, we fabricated solution-processed OIHP photo-
detectors with dopant-free HTLs and demonstrated their
excellent performance characteristics. The star-shaped
Triazine-Th-OMeTAD favors the subsequent formation of

Fig. 7 (a) Linear dynamic range of the OIHP photodetector under a laser illumination of various light intensities; (b) transient photocurrent response of
the Triazine-Th-OMeTAD-based OIHP photodetector with a device area of 11 mm2 in the photovoltaic mode; (c) normalized frequency response of the
Triazine-Th-OMeTAD-based OIHP photodetector, the line of �3 dB is depicted for reference; (d) variation in the spectral responsivity of the OIHP
photodetector without encapsulation over a storage time of 1000 h in air (RH 20–30%).

Table 2 Comparison of critical parameters of OIHP photodetectors

Material Area (mm2) Wavelength (nm) D* (Jones) Rising time (ns) Ref.

PTAA/MAPbI3/C60 0.04 300–780 7.8 � 1012 (700 nm) 0.95 9
PTAA/MAPbI3SC/C60 0.6 300–780 1.5 � 1013 (700 nm) 295 54
PTAA/MAPbI3/IEICO/C60 0.6 300–900 7.37 � 1011 (820 nm) 27 55
PEDOT:PSS/MaPbI3�xClx/PCBM 1 300–780 3.11 � 1011 (550 nm) 180 23
m-MTDATA:F4-TCNQ/MAPbI3/C60 4.4 300–780 1 � 1012 (750 nm) 39.8 17
NiOx:PbI2/MAPbI3/C60 6 300–780 1013 (750 nm) 168 53
OTPD/MAPbI3/PCBM/C60 7.25 300–780 7.4 � 1012 (680 nm) 120 14
Triazine-Th-OMeTAD//MAPbI3/PCBM 11 300–780 8.2 � 1012 (700 nm) 18 This work
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high-quality crystalline MAPbI3 films and passivates the surface
of the perovskite. Moreover, the Triazine-Th-OMeTAD layer
offers a large electron injection barrier at the ITO interface
for suppressing dark current and the favorable energy-level
alignment with the perovskite film for enhancing the hole
extraction. Upon optimization of the thickness (concentrations)
of the Triazine-Th-OMeTAD, an ultralow dark current density of
1.09 � 10�9 A cm�2 at zero bias was achieved. Besides, a large
specific detectivity above 1012 Jones, a high LDR of 166 dB, and
an ultrafast response time of 18 ns are achieved with a large
active area of 11 mm2. We believe that this ultrafast-response
OIHP photodetector will find application in consumer electronics,
due to the suitable optical absorption spectrum for visible
imaging, fast response speed for quick frame rate imagers and
high cut-off frequency for optical communication.

Experimental section
Fabrication of MAPbI3 perovskite films

To prepare perovskite precursors, 1.0 M PbI2 (99.99%, TCI) and
1.0 M MAI (Aus) were dissolved in 1 mL of a mixed polar solvent
of dimethylformamide and dimethyl sulfoxide at a volume ratio
of 4 : 1. Then, the mixture was stirred at 60 1C for about 4 h.
After that, this solution was filtered by 0.22 mm syringe PTFE
filters. The MAPbI3 perovskite precursor was spin-coated on the
ITO/Triazine-Th-OMeTAD or PEDOT:PSS substrates at a rate of
4000 rpm for 25 s, and 130 mL of anisole as the anti-solvent was
mildly dripped on the spinning substrates in the fourth second.
The spin-coated thin films were annealed at 100 1C for 10 min for
converting the precursors to perovskite films. It should be noted
that all the processes were conducted in a nitrogen-filled glove box.

Device fabrication

The device architecture of the perovskite photodetector is ITO/
HTL/MAPbI3/PC61BM/BCP/Ag. The ITO glass substrates
(Advanced Election Technology Co. Ltd) were cleaned with a
Hellmanext cleaning solution (diluted with water in 2 : 98 v : v
ratio), deionized water, acetone, and ethanol in an ultrasonic
bath for 15 min. After that, the ITO glasses were treated in a
UV cleaner for 20 min. Different concentrations (0.5, 1, 2, 3,
6 mg mL�1) of Triazine-Th-OMeTAD were dissolved in chloroben-
zene in advance, then spin-coated onto the ultraviolet-ozone-treated
ITO substrates at 5000 rpm for 45 s and annealed at 150 1C for
10 min under ambient conditions. For comparison, PEDOT:PSS
was spin-coated on some ITO glasses and annealed at 150 1C for
10 min under ambient conditions. Then, the prepared samples
were transferred to a nitrogen-filled glove box. The MAPbI3

perovskite films were deposited on the prepared substrates.
Subsequently, 20 mg mL�1 PC61BM (99.5%, Nano-C) in chlor-
obenzene was spin-coated on the perovskite films at 2000 rpm
for 30 s, followed by spin-coating 0.5 mg mL�1 bathocuproine
(98%+, Adamas) in ethanol at 4000 rpm for 40 s. Finally, 100 nm
silver was deposited on the top through thermal evaporation
under a vacuum of 10�4 Pa as the cathode. The active area of the
perovskite photodetectors was 11 mm2.

Film characterization

The top-view morphology images of the MAPbI3 perovskites
were characterized using a Zeiss Merlin scanning electron
microscope (SEM). The time-resolved PL measurements were
performed with an Edinburgh FS-5 spectrometer equipped with
an excitation source of a 450 nm pulsed laser. The UV-vis
absorption spectra were recorded on a PERSEE TU1901 spectro-
photometer. The XRD patterns were collected using a Rigaku
SmartLab 9 kW system with Cu-Ka radiation. The surface
roughness and film thickness were measured using an Asylum
Research MFP-3D-Stand Alone atomic force microscope.

Device characterization

The dark current density against voltage was recorded using a
Keithley 4200 parameter analyzer. The photocurrent density–
voltage (J–V) characteristics of PSCs were measured using a
Keithley 2400 parameter analyzer under 1 sun solar spectrum
illumination (AM 1.5 G) with an intensity of 100 mW cm2

calibrated via a silicon reference cell. The EQE measurements
were conducted under short-circuit conditions through a lock-in
amplifier under illumination with monochromatic light from a
xenon arc lamp. The linear dynamic range measurements were
performed under different intensities of monochromatic light
using Thorlabs metallic-coated neutral density filters. The
intensity of the monochromatic light was measured by facility-
calibrated (Newport) Si photodetectors. The noise current of the
photodetectors was measured employing a Stanford Research
SR830 lock-in-amplifier in the current measurement mode. The
transient photocurrent response was measured with a 532 nm,
1 ns pulse width laser integrated with an optical chopper and a
350 MHz Tektronix MDO3034 oscilloscope. The frequency
response was recorded with a 520 nm LED driven by a Tektronix
AGF1062A function generator and a digital storage oscilloscope.
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