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O P T I C S

Amplified narrowband perovskite photodetectors 
enabled by independent multiplication layers 
for anti-interference light detection
Yao Ma1, Xinglu Xu1, Tengfei Li2, Zemin Wang2, Nan Li2, Xin Zhao1, Wei Wei1,  
Xiaowei Zhan2*, Liang Shen1*

Metal-halide perovskite narrowband photodetectors offer a low-cost opportunity to detect specific signals cover-
ing a broad spectrum directly. However, the thickness of charge collection narrowing mechanism photodetectors 
increases recombination, resulting in performance bottlenecks. Here, we demonstrate amplified narrowband pho-
todetectors that combine perovskite single-crystal absorbers and organic multiplication layers. The separation of 
the multiplication layer controls the density of trap states while amplifying the response of conventional narrow-
band photodetectors by more than 215 times. The carrier dynamics were characterized by ultrafast measurement, 
thus verifying the mechanism of response amplification. By analyzing multiplication with different trap states en-
ergy levels under charge injection, it is shown that dopants have a wide selection space, providing a feasible path 
for high-performance narrowband photodetectors. As a result, the external quantum efficiency of 2259% with a 
38-nanometer full width at half maximum and the specific detectivity of 4.84 × 1012 Jones was obtained at 825 
nanometers. Last, we demonstrated the anti-interference signal acquisition capability of our photodetector.

INTRODUCTION
Responding to specific wavelengths is widely needed in fluorescence 
imaging and detection, information encryption and anti-counterfeiting, 
and communications fields (1–4), which is currently achieved by 
broadband photodetectors combined with optical filters (5, 6). How-
ever, the use of optical filters not only increases the complexity and cost 
of system integration but also affects the optical transmittance. At pres-
ent, researchers have developed a variety of strategies to achieve nar-
rowband detection based on organic and inorganic materials, including 
narrowband absorbing materials, charge collection narrowing, exciton 
dissociation narrowing, and light management (7–10). The charge col-
lection narrowing mechanism is to selectively collect long-wavelength 
photogenerated carriers by using the difference between the length of 
carrier drift and the depth of light penetration to realize a narrowband 
response at the absorption cutoff edge of active material, which has 
been widely applied in various materials.

Metal-halide perovskites exhibit excellent performance in photo-
voltaic, light-emitting diode (LED), and photodetector fields, and the 
charge collection narrowing mechanism has been successfully intro-
duced to fabricate perovskite narrowband photodetectors. Because of 
its easily tunable bandgap, narrowband detection coverage over a 
wide wavelength range can be achieved by changing its composition. 
Lin and colleagues demonstrated a set of narrowband red, green, and 
blue photodetectors based on perovskite with a full width at half max-
imum (FWHM) of less than 100 nm (11). Fang and colleagues pres-
ent hybrid perovskite single-crystal narrowband photodetectors with 
an FWHM of less than 20 nm whose response spectra are continu-
ously tuned from blue to red (12). Wang and colleagues reported a 

defect-assisted self-driven perovskite narrowband photodetector. By 
adjusting the halide component, a wide response range from red to 
near-infrared with FWHMs below 30 nm was shown, which is en-
abled by a thick perovskite film (13). To satisfy the annihilation of 
short-wavelength photogenerated carriers, the absorption layer thick-
ness of the device far exceeds the diffusion length of carriers, resulting 
in a weak response. Although increasing bias voltage can improve 
carrier extraction, short-wavelength photogenerated carriers will 
contribute to photocurrent with increasing bias voltage, resulting in 
the degradation of the narrowband phenomenon. The researchers in-
troduced dopants into the narrowband absorption layer to obtain 
gain, thereby improving the response. However, the response peak of 
most narrowband detectors in research comes from doped materials, 
which limits the tunability of the detection wavelength. In addition, 
introducing dopants into the absorption layer makes it difficult to 
control the concentration of trap states, thus being unable to reduce 
the impact on device performance.

Herein, we report amplified narrowband photodetectors (ANPDs) 
combining perovskite thin single crystals and organic multiplica-
tion trap layers. The photodetector separates the long-wavelength 
photogenerated electrons through the perovskite and drifts them into 
the multiplication trap layer under the bias voltage. After the photo-
generated carriers are trapped by fused-ring electron acceptor dop-
ants, the energy band is bent, and current tunneling injection is 
formed. By separating the multiplication layer from the light absorp-
tion layer, the distribution and density of trap states can be controlled, 
thereby reducing the negative impact of trap states on performance. 
Through a series of ultrafast photoelectric characterizations, we prove 
that the source of gain of ANPDs is current injection caused by 
trapped electrons in multiplication layers. We introduced various 
fused-ring electron acceptors as dopants to construct different types 
of traps and demonstrated that under carrier injection, type II hetero-
junctions can also form effective charge traps. As a result, ANPDs 
obtained a narrowband external quantum efficiency (EQE) response 
of 2259% at 825 nm with an FWHM of 38 nm, which is 215 times 
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higher than that of the basic perovskite single-crystal narrowband 
photodetector. The anti-interference ability of the ANPDs has been 
further analyzed by capturing target signals under different light in-
terferences, providing a promising way to improve the response capa-
bility of perovskite single-crystal narrowband detectors.

RESULTS
Amplified narrowband photodetectors
On the order of the Beer-Lambert Law, light with short wavelengths 
can penetrate only a short distance through the absorbing layer, 
whereas longer wavelengths require thicker materials to be fully ab-
sorbed. Therefore, short-wavelength light only generates charge carri-
ers near the surface, whereas long-wavelength light can generate 
carriers inside the crystal (14). By controlling the thickness of the ac-
tive layer, photogenerated carriers at the absorption cutoff edge of the 
material (long-wavelength light) can be selected as the only source 
contributing to the photocurrent, thus realizing narrowband photo-
electric response, with the charge collection narrowing mechanism 
(Fig. 1A). To enhance response, the multiplication layer is constructed 
by organic materials on top of the perovskite narrowband response 
layer. By mixing organic materials in large proportion differences so 
that the doped materials are not continuously distributed in the bulk 
material, electron or hole traps can be constructed according to the 
band structure. As shown in Fig. 1B, under dark conditions, the high-
er work function of the silver electrode makes it difficult for holes to 
cross the energy barrier and inject into the device. Thus, the blocked 
carrier injection results in a small dark current. Under illumination, 
the electrons generated by long-wavelength light in the perovskite ab-
sorption layer can drift into the multiplication layer under the bias 
voltage and then be trapped by electron traps. Because of the negative 
charged traps, the energy band of the organic layer bends downward, 

thereby narrowing the energy barrier of Schottky junctions, and holes 
can tunnel into the device, bringing photocurrent gain (15).

To demonstrate the response amplification effect of adding the or-
ganic multiplication layer to perovskite narrowband detectors, we 
choose the well-studied MAPbI3 single crystal as an example. MAPbI3 
thin single crystals were grown using the previously reported space 
confinement method (16). Using polytetrafluoroethylene as a spacer 
to control thickness, crystals with a thickness of ~500 μm were grown 
on the poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)–
coated indium tin oxide (ITO) substrate. After depositing the C60 and 
electrode, narrowband photodetectors were fabricated. On the order 
of the energy band of MAPbI3, PTB7-Th is chosen as the bulk mate-
rial of the multiplication layer according to the requirement of energy 
level matching (Fig. 1C) (17). The selection of dopants needs to meet 
two requirements: First, they can match the band structure of the bulk 
material and form effective charge traps; second, their light absorption 
or response cannot disrupt the narrowband phenomenon of the pho-
todetector. Because of their low nonradiative recombination, adjust-
able energy level, and ability to passivate perovskite defects, narrow 
bandgap fused-ring electron acceptors are selected as dopants to con-
struct charge traps (18). The energy level difference of 0.11 eV between 
the lowest unoccupied molecular orbital (LUMO) of PTB7-Th and the 
conduction band minimum (CBM) of perovskite does not have a fatal 
effect on electron transport under bias voltage, whereas the LUMO 
difference between PTB7-Th and COTIC-4F is 0.52 eV so that elec-
tron traps can be formed (Fig. 1D). In this band alignment, the gain 
from the organic layer becomes achievable.

Characterization of amplified narrowband response
The EQE of the perovskite narrowband photodetectors is shown in 
Fig. 2A, which exhibits a narrow response peak at around 825 nm. 
Similar to the results in previous reports, with the increase in bias 
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Fig. 1. Schematic diagram of ANPDs. (A) Schematic diagram of the ANPD structure and narrowband detection mechanism. Only long-wavelength photogenerated 
carriers can be injected into the organic multiplication layer. (B) Working mechanism of the organic multiplication layer. After the injected electrons are trapped, hole in-
jection is induced. (C) Molecular structures of PTB7-Th and COTIC-4F. (D) Energy level structures of perovskite and organic materials.
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voltage, the narrow response peak increases gradually, but the nar-
rowband phenomenon has also been destroyed under large bias, 
that is, the short-wavelength photogenerated carriers gradually pass 
through the whole crystal (12). Under −20-V bias, the response 
from around 600 to 800 nm starts to rise, which limits how the EQE 
can be improved by increasing the operating bias voltage.

To prepare the organic multiplication layer, PTB7-Th and 
COTIC-4F were dissolved in chlorobenzene at mass ratios of 50:1, 
20:1, and 10:1 and were fabricated on perovskite by the same spin-
coating process (fig. S1). Figure 2B shows the EQE of ANPDs with 
three different dopant concentrations and the multiplication layer 
where the 20:1 mass ratio exhibits a notable advantage. After fabri-
cating the multiplication layer, the position of the narrowband re-
sponse peak does not change notably. The enlarged EQE results for 
the ANPDs with the mass ratio of 50:1 and 10:1 are shown in fig. S2. 
The multiplication effect hardly appears in the device with the 10:1 
mixing ratio, with the maximum EQE still not exceeding 100%. This 
may be due to the continuous distribution of excessive dopants, car-
riers can be directly transported in the dopants, and effective elec-
tron traps cannot be formed. Although the 50:1 doped detector 
exhibits a multiplication effect with the EQE exceeding 600%, the 
response amplification is far inferior to that of the 20:1 doped device. 
Thicker perovskite single-crystal materials bring less electron injec-
tion, so more traps are needed to achieve sufficient band bending. 
We analyzed the voltage dependence of the multiplication effect, and 
the results are shown in Fig. 2C and fig. S3. At low bias voltage, the 
ANPDs do not exhibit a multiplication effect, similar to that of nor-
mal narrowband detectors. This is mainly due to the strong correla-
tion between the probability of trap-induced hole injection and bias 
voltage (19). With the increase in voltage, the multiplication effect 
appears obviously. At −15-V bias, the EQE of the ANPDs exceeds 

2259%, with an FWHM of 38 nm, which is more than 215 times 
higher than that of the conventional narrowband perovskite photo-
detector. As the light intensity increases, the trap filling gradually 
saturates, corresponding to a reduced multiplication, as shown in fig. 
S4. By adjusting the spin-coating speed, the EQE results of devices 
with different organic layer thicknesses were carried out in fig. S5. A 
higher spin-coating speed leads to an inevitable decrease in EQE, 
mainly due to the thin organic layer potentially not being able to 
fully cover the surface of the perovskite, resulting in direct contact 
between the transport layer and the perovskite. In this case, the or-
ganic layer is unable to efficiently capture electrons, thus weakening 
the multiplication effect. This is consistent with our illustrated mech-
anism. When the spin-coating speed decreases, the thick organic 
layer affects the transport of charge carriers, improves recombina-
tion, and reduces the EQE. Although the response is amplified, the 
narrowband effect is not notably affected.

In addition, the EQE shows no response peaks other than those of 
MAPbI3 but only a slight broadening of the FWHM (from 33 nm for 
perovskite narrowband detectors to 38 nm). Although the bandgap 
of MAPbI3 is about 1.55 eV, indirect bandgap absorption of single 
crystal extends the photoresponse range into the near-infrared re-
gion (20). Compared with 1.3-μm-thick MAPbI3 polycrystalline 
films, the absorption cutoff edge of the 500-μm-thick single crystal 
redshifts from about 780 nm to more than 850 nm (fig. S6A). Be-
cause the absorption range of PTB7-Th is narrower than that of 
perovskite with a thickness of 500 μm, PTB7-Th is almost unable 
to effectively absorb light (fig. S6B). The bandgap of COTIC-4F is 
smaller than MAPbI3, but there are no other response peaks in the 
infrared region. There are two main reasons why the ANPD does not 
show a notable response to the long-wavelength portion of the in-
coming light. The defects in perovskite introduce relatively complex 
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energy levels in the forbidden band, thus bringing about the absorp-
tion band tail (21, 22). The absorption beyond the EQE tail due to 
these energy disturbances cannot efficiently generate free carriers 
and the absorption coefficient is low, but it still has a considerable 
effect on infrared transmission at thicker crystal sizes. The incident 
light first passes through the perovskite crystal region and is ab-
sorbed, so less long-wavelength light enters the organic layer. We 
tested the transmittance of the MAPbI3 crystal about 500 μm thick, 
and fig. S6C shows that the maximum transmission beyond 900 nm 
is less than 11%. In addition, the normalized absorption of the or-
ganic multiplication layer, PTB7-Th, and COTIC-4F are shown in 
fig. S6 (A and C). Although the acceptor in the organic layer has a 
small bandgap so that its absorption range covers the long-wavelength 
band, because of the small doping ratio, the absorption of the prepared 
organic layer film is very weak after 850 nm (fig. S6C). Combined 
with the above two factors, the acceptor material in the organic layer 
is difficult to effectively absorb the long-wavelength light. Second, 
because of the small doping proportion, acceptor materials appear as 
discontinuous isolated states. Combined with the energy band struc-
ture of PTB7-Th, the carrier generated in COTIC-4F is difficult to 
separate, which affects the carrier collection. On the order of the same 
process, the organic multiplication layer (PTB7-Th and COTIC-4F, 
mass ratio of 20:1) is selected to prepare an organic photodetector. 
The blue curves in fig. S7 shows the EQE results of the organic device 
under different bias voltages, which did not exhibit notable carrier 
collection beyond 850 nm. Furthermore, the EQE of the organic de-
vice under −8 V at 825 nm is only 2.6%, which is much lower than 
the peak EQE of 216% at 475 nm. Because only about 3.5% of the 
825-nm light can penetrate the perovskite crystal and reach the or-
ganic layer (fig. S6B), the light absorption of the organic layer would 
not make a notable contribution to the EQE of ANPDs.

The selection of dopants needs to meet the dual requirements of nar-
rowband detection and multiplication. Compared to PTB7-Th, the low 
LUMO and highest occupied molecular orbital (HOMO) of COTIC-4F 
introduce only electron traps into the organic layer, but this strict energy 
level alignment limits the range of dopant selection. Therefore, two nar-
row bandgap organic materials are tested to verify whether this amplifi-
cation structure has a wider selection of dopants. The EQE results 
without detailed optimization are shown in Fig. 2 (D and E), and the 
band alignments are shown in fig. S8 (A and B), in which the HOMO of 
PPIC2 (23) and 5TTIC (24) is higher than PTB7-Th. Higher HOMO 
results in weaker exciton separation capabilities, which can help reduce 
the extra response peaks due to the dopant’s absorption. However, the 
HOMO difference of 5TTIC (0.07 eV) and PPIC2 (0.13 eV) not only 
strengthens the suppression of exciton dissociation but also challenges 
the electron trapping ability of electron traps. The EQE curves in Fig. 2 
(D and E) show that, when the free carriers in the multiplication layer 
are mainly perovskite injected electrons, the trapping ability and trap 
charge lifetime of the electron traps are not fatally affected, showing 
good multiplication ability. It is worth noting that, in the 850- to 900-nm 
wavelength range, the EQE response of ANPDs with PPIC2 and 5TTIC 
is better suppressed compared to ANPD with COTIC-4F, which can be 
attributed to the failure of exciton dissociation. Last, we used dopants 
with lower HOMO energy levels to construct ANPDs (fig. S8C). FOIC 
(25) forms a good heterojunction with PTB7-Th and can effectively 
separate photogenerated excitons, but its bandgap of about 1.44 eV co-
incides with the response peak of MAPbI3. Because of the high absorp-
tion coefficient of perovskite within the bandgap, fig. S6B indicates that 
there is almost no light passing through the crystal, so it will not affect 

the narrowband phenomenon (fig. S8D). Although the LUMO levels of 
these materials are higher than COTIC-4F and can affect the lifetime of 
trapped electrons, EQE results show that small LUMO level changes do 
not have a notable impact. To sum up, this multiplication structure of-
fers wide selections of dopants, and various energy level alignments can 
be used. This provides a good basis for the ANPD structure to be applied 
to different perovskite compositions for different wavelengths.

To verify that the response of ANPDs is derived from light ab-
sorption by perovskites, rather than organic layers, fig. S9 shows the 
relationship between the EQE of the narrowband photodetectors 
and the absorption of various acceptor materials. The above figure 
shows the narrowband EQE result of pure MAPbI3 devices and 
the absorption curve of MAPbI3. It can be seen that the response 
peak of around 825 nm is located at the absorption cutoff edge of 
perovskite. The middle and the bottom figures show the absorption 
curves of COTIC-4F and PPIC2 and the EQE results of the corre-
sponding ANPDs. It can be seen that the EQE of the detectors is not 
located at the absorption cutoff edge of the acceptor materials but is 
located near 825 nm as the peak EQE of the perovskite device. The 
P3HT:PCBM and PTB7-Th:PCBM organic multiplication layers are 
constructed to avoid the influence of organic materials absorption at 
825 nm, and the energy band structures are shown in fig. S10. As 
shown in Fig. 2F, although the LUMO energy level of P3HT hinders 
the transport of electrons from perovskite to the organic layer, the 
EQE at about 825 nm has still been improved compared to perovskite 
narrowband photodetectors. Combined with the results in fig. S10C, 
it suggests that the response of the ANPD is derived from the ab-
sorption of perovskite rather than the absorption of the organic layer.

Ultrafast characterization of carrier dynamics in absorption 
and multiplication regions
To verify the mechanism of narrowband response amplification, we 
characterize the charge transfer between the perovskite absorption 
layer and the organic multiplication layer by femtosecond transient 
absorption (TA) measurement (26–28), and MAPbI3 polycrystalline 
thin films were prepared by the spin-coating method to simulate the 
interface, with multiplication layers prepared on the perovskite films. 
Because the indirect bandgap absorption coefficient of perovskite is 
small, the sub-bandgap absorption of the thin film is weak, showing 
the band edge absorption at around 780 nm, but the energy band 
structure of perovskite thin films and single crystals is similar (20). To 
study the carrier dynamics under the influence of bias voltage, the de-
vice structure is ITO/poly(methyl methacrylate) (PMMA)/absorption 
layer/bathocuproine (BCP)/Au, as shown in fig. S11. The active layer 
is separated from the electrode by PMMA and 50-nm-thick BCP to 
avoid carrier extraction. The TA spectrums of perovskite and perovskite/
organic devices were measured by using a 515-nm femtosecond laser 
incident from the perovskite side as pump light (Fig. 3, A and B). The 
negative absorption signal at about 750 nm is attributed to the ground 
state bleaching (GSB) signal of MAPbI3, that is, the transition from 
the valance band maximum (VBM) to the CBM after carriers absorb 
photons. The positive absorption signal at 775 nm is attributed to the 
excited state absorption (ESA) of MAPbI3, that is, the transition of 
excited state carriers to higher energy levels (29). Both perovskite 
devices and perovskite/organic devices show that these two charac-
teristic peaks and the positions are not deviated. In addition to the 
two characteristic peaks attributed to perovskite, the TA plots of 
perovskite/organic devices exhibit additional negative absorption 
signals in the 630- to 700-nm and 800- to 900-nm ranges.
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Figure 3 (C and D) shows a more detailed comparison of the car-
rier dynamics of the two devices. On the order of the absorption 
curves of PTB7-Th and COTIC-4F shown in fig. S6A, the negative 
signal from 600 to 700 nm is mainly attributed to PTB7-Th (30). At 
0.3 ps, PTB7-Th and MAPbI3 have the same negative signal intensity, 
but with time, the MAPbI3 signal gradually drowns the PTB7-Th sig-
nal. To determine the source of the negative signal from 800 to 900 nm, 
we tested the photoluminescence (PL) curve of the perovskite film 
as shown in fig. S12. The PL peak of MAPbI3 is before 800 nm, so the 
negative signal in this range should be mainly attributed to COTIC-
4F. Because the absorption of COTIC-4F at 515 nm is very weak, it 
will not be pumped to produce a notable negative signal. Although 
PTB7-Th is excited by the 515-nm pump light at 0.3 ps, no negative 

signal is generated at 850 nm. At 0.6 ps, the negative signal of MAPbI3 
at 750 nm has completely covered the PTB7-Th signal, and then the 
negative signal at 850 nm appears, which indicates that the negative 
signal at this time comes from the injection of carriers in the perovskite 
into the organic layer under the action of bias voltage (31). To prove 
this, we fabricated devices with only organic layers, where the carriers 
generated in PTB7-Th cannot produce a sufficient signal at 850 nm 
(fig. S13). Besides, the rising of the 750- and 850-nm signal of 
perovskite/organic devices is shown in fig. S14. The rise of the 750-nm 
signal shows three stages: fast rise, slow rise, and fast rise. The slow 
rising phase matches with the rising process of the 850-nm signal, 
which also proves the source of the 850-nm signal. Figure 3E fits the 
decay process of the normalized GSB signal at 750 nm of the two 
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Fig. 3. Ultrafast measurements for active layer films and ANPDs. (A and B) Time-wavelength–dependent TA color maps of the MAPbI3 device (A) and MAPbI3/Organic 
device (B). OD, optical density. (C and D) TA spectrum at selected timescales of the MAPbI3 device (C) and MAPbI3/Organic device (D). (E) TA spectra at 750 nm as a function 
of delay time. (F) TPC characterization and second-order exponential fitting of ANPDs.
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devices. The average decay time of perovskite devices is 309 ps, where-
as the decay time is extended to 911 ps after adding the organic layer, 
indicating that ground state carriers need a longer time to be replen-
ished. In contrast to the second-order fit lifetime of the perovskite 
device, the third-order fit lifetime of the perovskite/organic device 
indicates that there is an additional recombination path, which is re-
combination after charge transfer.

Transient photocurrent (TPC) and transient photovoltage (TPV) 
measurements were performed on ANPDs to characterize the trap-
ping process of electrons entering the organic multiplication layer 
(32–35). The TPC, which characterizes the dynamics of carrier ex-
traction in the device, is shown in Fig. 3F. The fitting curve contains 
fast decay (9.4 μs) and slow decay (224 μs), in which the fast compo-
nent is the main process, which is mainly attributed to the transit and 
extraction of free electrons generated in MAPbI3 under the bias volt-
age. The slow decay time indicates the presence of traps in the device, 
whereas the detrapping time notably prolongs the TPC lifetime. In 
addition, the second-order fitting TPV results in fig. S15 indicates the 
presence of two recombination channels, which are consistent with 
the TPC results and jointly confirm the existence of trap states. The 
space charge limiting current (SCLC) method is applied to the or-
ganic multiplication layer to identify the type of charge trap (36, 37), 
as shown in fig. S16 (A and B). The hole trap density and electron trap 
density in the multiplication layer are calculated by preparing hole-
only and electron-only devices. The density of hole traps and electron 
traps is 5.2 × 1015 and 6.3 × 1017 cm−3, which is more than two orders 
of magnitude of the former, which indicates that the doping of 
COTIC-4F successfully introduces electron traps and thus produces 

the multiplication effect. In addition, to verify that the introduction 
of organic layers controls the concentration of trap states in ANPDs, 
SCLC measurements were also conducted on perovskite/organic de-
vices (fig. S16, C and D). The densities of hole traps and electron traps 
are 3.4 × 1010 and 8.5 × 1010 cm−3, which is consistent with the con-
centration of defect states in perovskite single crystals (38–40). In 
conclusion, when the long-wavelength generated electrons drift to 
the interface between perovskite and organic multiplication layer un-
der the bias voltage, the free electrons enter the multiplication layer 
and are captured by the electron traps formed by PTB7-Th and 
COTIC-4F, thus bringing the multiplication effect.

Other key performances of ANPDs
The current-voltage curves of the ANPDs based on the 20:1 mass ratio 
multiplication layer under dark conditions and 850-nm illumination 
are shown in Fig. 4A. The dark current of the device does not increase 
sharply with the increase in bias, but the photocurrent shows an obvi-
ous increase at about −9 V, at which a large number of holes at the inter-
face begin to tunnel. From the rapid rise of photocurrent, the ANPDs 
enter into the multiplication region, and the on-off ratio threshold volt-
age is consistent with the results of EQE, that is, the multiplication phe-
nomenon is not obvious at low bias. The dark current and photocurrent 
of the perovskite single-crystal narrowband photodetector and the or-
ganic photodetector under the same conditions are shown in fig. S17. 
The weak absorption of organic photodetectors in the infrared band 
makes it difficult to obtain sufficient response, once again indicating 
that the photocurrent amplification of ANPDs in the infrared band is 
derived from the injection of photogenerated electrons from perovskite 

A B

C D

Fig. 4. Device performances of ANPDs. (A) Dark current and photocurrent of ANPDs under 850-nm illumination of 0.04 mW cm−2. (B) Relative response as a function of 
light frequency showing the −3-dB cutoff frequency; the detector operates under a voltage of −15 V and a light intensity of 130 μW cm−2. (C) Measured total noise current 
and shot noise limit under −15 V. (D) Specific detectivity of ANPDs under −15 V.
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single crystals into the organic layer. The effect of the trap states in the 
organic layer on carrier dynamics under light conditions is analyzed by 
the Fowler-Nordheim (FN) plots, which are obtained from the current-
voltage curves (41). The linear decrease curve under light conditions 
shown in fig. S18A shows that the FN tunneling effect plays a major role 
in ANPDs at high voltage. In contrast, the same decrease is not seen in 
the perovskite photodetector under light conditions (fig. S18B), indicat-
ing that FN tunneling is attributed to the organic layer, which is con-
sistent with the tunneling mechanism shown in Fig. 1B. Because the 
trap effect can greatly affect the response speed of the photodetector, 
the frequency response characteristics are performed. By adjusting 
the frequency of the 850-nm light source and collecting the response sig-
nal (42, 43), the −3-dB cutoff frequency of ANPDs is obtained beyond 
9.5 kHz (Fig. 4B). The cutoff frequency of the photodetector without a 
multiplication layer was carried out in fig. S19, indicating that our de-
tector has a well-balanced response multiplication and speed attenuation. 
In addition, we characterized the response time of the photodetector, 
with a rise time of 82 μs and a decay time of 86 μs (fig. S20). The noise 
current of ANPDs is directly measured at −15 V, as shown in Fig. 
4C. Compared with the theoretical shot noise limit calculated by dark 
current, the total noise spectrum of the detector exhibits 1/f noise dom-
inance and a large slope, which is related to the large number of elec-
tron traps in the organic multiplication layer (44). The responsivity 

curve calculated by the EQE is shown in fig. S21, and the peak value is 
15 A/W at 825 nm. Combined with the frequency response characteris-
tics of ANPDs, the specific detectivity (D*) of the detector is calculated 
by using the noise current spectrum and responsivity (45). As shown in 
Fig. 4D, the ANPD exhibits a peak D* of 4.84 × 1012 Jones. The excellent 
performance of the narrowband multiplication structure provides a 
solid foundation for the application of perovskite narrowband photode-
tectors. To characterize the response of the detector as a function of light 
intensity, fig. S22 exhibits that the photocurrent increased linearly with 
the light intensity from around 1.1 × 10−5 to 6.7 mW/cm2, correspond-
ing to an linear dynamic range (LDR) of 58 dB.

Anti-interference response measurements with ANPDs
Low-cost, high-response narrowband detectors have potential value in 
various application scenarios, such as the Internet of Things with light-
ing optical communication, information encryption, anti-counterfeiting 
using wavelength differences, fluorescence detection, and imaging (46–
49). These applications have put forward high requirements for the anti-
interference ability of photodetectors, namely, the signal-to-interference 
ratio (SIR). To verify the anti-interference ability of ANPDs, we built a 
measurement system as shown in Fig. 5A. By using a function signal 
generator, the target light and interference light are modulated to differ-
ent frequencies and simultaneously irradiated onto the detector through 
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Fig. 5. Characterization of the anti-interference performance of ANPDs. (A) Schematic diagram of the measurement system setup. (B) Impact of interference light on 
the signal waveform obtained by silicon photodetectors and ANPDs. a.u., arbitrary units. (C) Impact of interference light on the signal amplitude obtained by silicon pho-
todetectors and ANPDs. (D to F) Performance of ANPDs to suppress the interference light of 450 nm (D), 520 nm (E), and 610 nm (F). Keep the interference light intensity 
unchanged and gradually reduce the intensity of the 820-nm light. By modulating the light of different wavelengths to different frequencies and conducting spectral 
analysis, the contribution of different wavelengths of light to response can be obtained.
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a lens group. Afterward, the collected detector signals are analyzed 
using an oscilloscope to characterize the anti-interference ability of the 
device. To eliminate the influence of frequency on the response of 
ANPDs, based on the −3-dB results, the 820-nm light is modulated to 
500 Hz as the original signal, and the white light is modulated to 600 Hz 
as interference, as shown in Fig. 5B. Compared with the original signal, 
the electrical signal of the silicon detector is severely distorted and can-
not obtain the information, whereas the signal of ANPDs is almost 
unaffected. This means that, in lighting optical communication, 
ANPDs can receive information transmitted by signal light without 
interference. In addition to the waveform, we analyzed the amplitude 
of the obtained signal. As shown in Fig. 5C, the light-colored curve on 
the left represents the original signal received by the silicon photodetec-
tor and ANPD, whereas the right is the signal after applying dc white 
interference light. Compared to silicon photodetectors with notably 
compressed signal amplitude, the signal amplitude of ANPDs re-
mains almost unchanged.

To further characterize the SIR of ANPDs, we analyzed the fre-
quency characteristics of the signal. By converting the read signal 
into the frequency domain, we can distinguish the contribution of 
light modulated at different frequencies to the total photocurrent 
of the detector. Figure 5 (D to F) shows the spectral analysis results of 
the ANPDs under three wavelengths of light interference. When the 
interference light has similar optical power to the target light, the 
device exhibits excellent interference suppression ability. By overlay-
ing neutral density filters with different optical densities, we gradually 
reduce the intensity of the target light (820 nm) while maintaining 
the interference light. For blue (450 nm, 5.1 mW) and green (520 nm, 
4.9 mW) interference light, the SIR of the 820-nm light at 133 μW is 
2.21 and 4.56 dB (50, 51). For orange interference light (610 nm, 
4.6 mW), the SIR remains greater than 2.47 dB even after the target 
light power is reduced to 43 μW (two orders of magnitude smaller 
than the interference signal). The SIR fitted curve of ANPDs is shown 
in fig. S23. When the SIR is 0 dB, meaning that the signal borders on 
unreadable, the power of the 820-nm signal light has decreased to 
0.57% (610 nm), 1.16% (520 nm), and 1.54% (450 nm) of the inter-
ference light. This indicates that, when the fluorescence emission 
intensity is much lower than the background light, ANPDs can still 
successfully capture the presence of fluorescence signals.

DISCUSSION
We have demonstrated a high-performance ANPD based on 
perovskite and organic materials. The separated organic multiplica-
tion layer can effectively control the overall trap state density of the 
device, thereby reducing the impact of trap effects on other perfor-
mances. By using the tunable band structure of the fused-ring elec-
tron acceptor, various types of traps can be constructed based on it 
as a dopant, thereby verifying the wide compatibility of the device 
structure. The carrier dynamics characterized by TA, TPC, and TPV 
verify the injection of photogenerated carriers into the multiplica-
tion layer and the effect of charge traps in the multiplication layer on 
carriers. As a result, the amplification of the narrowband response of 
the photodetector is realized, and an EQE of more than 2259% with 
an FWHM of 38 nm is obtained. The ANPDs have a frequency char-
acteristic exceeding 9.5 kHz and a D* of 4.84 × 1012 Jones at 825 nm. 
Amplified narrowband structures provide a promising path for im-
proving the performance of perovskite narrowband photodetectors 
covering multiple spectral bands.

MATERIALS AND METHODS
Growth of perovskite single crystals
Perovskite thin single crystals are grown through a space-confinement 
process that combines inverse temperature crystallization and sol-
vent evaporation crystallization. PTAA toluene solution with a con-
centration of 2 mg/ml was spin coated on a precleaned ITO substrate 
at 4000 rpm, followed by annealing at 100°C for 10 min. The two 
substrates are bonded with silicone, and a certain solvent evapo-
ration opening is retained. The thickness is controlled through a 
polytetrafluoroethylene film in the middle. Dissolve methylammo-
nium iodide (MAI) and PbI2 in γ-butyrolactone at a molar ratio 
of 1.1:1 and prepare as a precursor solution with a concentration of 
1.2 M. After injecting the solution into the growth device, place it 
in an oven, raise the temperature to about 90°C, and evaporate 
the solvent until the seed crystals appear. Then, the temperature 
gradually increases at a rate of 0.5°C/hour until the crystal reaches 
the required size.

Device fabrication
For perovskite narrowband detectors, 20-nm C60 and 80-nm copper 
were prepared by vacuum thermal deposition on grown single crys-
tals. For ANPDs, PTB7-Th and COTIC-4F, 5TTIC, PPIC2, and FOIC 
were doped in corresponding proportions and dissolved in a chloro-
benzene solvent to prepare an organic solution with a concentration 
of 15 mg/ml. Next, spin coat the organic solution onto the surface of 
the single crystal at a speed of 800 rpm and then anneal at 100°C for 
10 min. Last, 20-nm C60 and 80-nm silver electrodes were prepared 
by vacuum thermal deposition.

Device fabrication for TA measurement
PMMA is dissolved in n-butyl acetate at a mass concentration of 4% 
and stirred at 55°C until clear and transparent. Spin coat PMMA 
onto the ITO substrate at a speed of 2000 rpm and anneal at 120°C 
for 2 hours. Dissolve MAI and PbI2 in a ratio of 1:1 in a mixed 
solvent of N,N′-dimethylformamide and dimethyl sulfoxide (9:1) 
and prepare a precursor solution of 0.75 M. According to the require-
ments, deposit the perovskite and organic multiplication layer and 
sequentially spin coat the perovskite and organic multiplication layer. 
Last, 50-nm BCP and 18-nm gold electrode were deposited by the 
vacuum thermal deposition method.

Ultrafast photoelectric characterization
The TA measurements were performed by a femtosecond laser and 
Time-tech Spectra TA100. Use a 515-nm laser as the pump light to 
irradiate the perovskite side while applying a negative voltage to 
the device. By using PMMA and BCP as insulation layers, the active 
layer is kept in an electric field environment without the extraction 
of charge carriers to simulate the carrier dynamics at the ANPD in-
terface. Use a nanosecond laser, oscilloscope, and SR570 low-noise 
current amplifier to characterize the TPC and TPV of ANPDs.

Frequency response characterization
Under a dark environment, square wave signals are output to an 
820-nm LED through a function generator, gradually modulating its 
frequency from low to high. The photocurrent obtained by the pho-
todetector under LED illumination is amplified by an SR570 low-
noise current amplifier and collected using a Keysight DSOX6004A 
Oscilloscope. The −3-dB cutoff frequency was obtained by calculat-
ing the relative response.
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Characterization of the anti-interference ability
Using the signal generator of the Keysight DSOX6004A Oscilloscope, 
modulate the interference light at 450, 520, and 610 nm to 600 Hz 
and modulate the signal light at 820 nm to 500 Hz. Use a lens group 
to simultaneously illuminate two beams of light onto the photode-
tector and collect the output signal using an oscilloscope and a 
current amplifier. In signal amplitude measurement, modulate the 
interfering light to dc. In the SIR measurement, a set of neutral den-
sity filters is combined to gradually reduce the intensity of the signal 
light and verified using a Newport 843-R optical power meter. Ana-
lyze the impact of the two types of light on the detector response 
signal through a Keysight N9322C spectrum analyzer.

Other characterization
A Shimadzu UV-1700 Pharma Spec UV spectrophotometer was 
used to measure the absorption spectra. A Shimadzu RF 5301 fluo-
rescence spectrophotometer was used to obtain the PL spectra of our 
devices. Scanning electron microscopy (SEM) measurements were 
carried out using a JSM-7900F. SCLC analysis was measured by Key-
sight 2901A source meter. The EQEs and transmittance were mea-
sured by a Crowntech Q test Station 1000 AD measurement system. 
The J-V curves of our photodetectors in the dark and under illumi-
nation were obtained by a Keithley 4200 semiconductor parameter 
analyzer. The noise current was analyzed by a ProPlus 9812D wafer 
level 1/f noise characterization system.

Supplementary Materials
This PDF file includes:
Figs. S1 to S23
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