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Organic photodiodes with bias-switchable
photomultiplicationandphotovoltaicmodes
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The limited sensitivity of photovoltaic-type photodiodes makes it indis-
pensable to use pre-amplifier circuits for effectively extracting electrical sig-
nals, especially when detecting dim light. Additionally, the
photomultiplication photodiodes with light amplification function suffer from
potential damages caused by high power consumption under strong light. In
this work, by adopting the synergy strategy of thermal-induced interfacial
structural traps and blocking layers, we develop a dual-mode visible-near
infrared organic photodiode with bias-switchable photomultiplication and
photovoltaic operatingmodes, exhibiting high specific detectivity (~1012 Jones)
and fast response speed (0.05/3.03ms for photomultiplication-mode; 8.64/
11.14 μs for photovoltaic-mode). The device also delivers disparate external
quantum efficiency in two optional operating modes, showing potential in
simultaneously detecting dim and strong light ranging from ~10−9 to
10−1W cm−2. The general strategy and working mechanism are validated in
different organic layers. This work offers an attractive option to develop bias-
switchable multi-mode organic photodetectors for various application
scenarios.

Photodiodes have the advantages of low dark current, fast response,
small size, and easy integration, rendering them widely used in charge-
coupled device/complementary metal oxide semiconductor (CCD/
CMOS) arrays and other imaging systems1–4. To date, organic photo-
diodes (OPDs) are considered promising alternatives to traditional
commercial inorganic photodetectors (based on Si, InGaAs, etc.) due to
the additional advantages of organic photosensitive materials, such as
solution processability, adjustable spectral absorption, and mechanical
flexibility5–9. Because the rectification characteristic of OPDs makes
their photoresponse under forward bias almost indistinguishable, and
thus the devices usually operate under reverse bias based on photo-
voltaic (PV) effect, known as PV-mode10. Generally, the external quan-
tum efficiency (EQE) of photodiodes without photomultiplication (PM)
effect is less than 100%, which makes the signal acquisition of a single
pixel quite a challenge for both inorganic and organic photodiodes
when detecting dim light signals (especially at night).

The photocurrent (Iph) can be estimated from

EQE =R�hc
eλ

=
Iph

Spixel � Pin
�hc
eλ

�100%ð%Þ ð1Þ

in which R is responsivity, h is Planck’s constant, c is velocity of light,
λ is wavelength of the irradiated light, Spixel is the area of a single
pixel, and Pin is irradiated optical power intensity11. Assuming that Pin
at night is 10−8–10−6W cm−2 (full moon)12–14 and Iph is positively cor-
related with Spixel, which is smaller than 10 μm× 10 μm according to
the typical pixel size of CCD/CMOS arrays reported so far15, the
maximum calculated Iph of a single pixel is only ≈10−12A, not to
mention the absence of moonlight. Therefore, a pre-amplifier circuit
or the increased integration time is needed for these devices in
practical applications, both of which result in complex imaging
system design and high cost16,17.
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Devices with PM effect can provide EQEmuch greater than 100%
and exhibit strong detection capability to dim light signals, avoiding
the use of pre-amplifier circuits16,18. The inorganic PM-type devices,
which take the photomultiplier tube and avalanche photodiode as
typical examples, often require high applied voltage, high vacuum
environment, assisted cooling, or not compatible with the planar
process of CMOS or CCD image sensor19. In recent decades, the PM-
type OPDs have been developed to break this bottleneck, which also
meets the demand of miniaturization and integration for the new
generation of imaging systems20–31. The main accepted working
mechanism of PM-OPDs is charge tunneling injection from external
circuit induced by trap-assisted energy band bending at the elec-
trode/active-layer interface. An EQEof 103–105% has been achieved by
improving the device performance16,32,33, whichmeans that the device
operating in PM-mode has amultiplicated photocurrent that is about
10–103 times larger than that in PV-mode (even if the EQE in PV-mode
reaches a maximum of 100%). Considering that a much higher bias
usually is required for driving devices in PM-mode, it will bring a
large power consumption to the imaging system7,11. The non-
negligible power consumption brings potential damages (heat-dis-
sipation, breakdown, etc.) to the organic active layer, especially
under strong daylight (~10−1W cm−2)34. Furthermore, suffering from
the slow charge-accumulation and band-bending process, the
response speed of PM-OPDs is much slower, especially the charge-
releasing-determined fall time, which is quite an obstacle to the
practical application35,36.

Since the trapped and tunneling injected carrier type is difficult to
be tuned by the bias direction, devices that can simultaneously
implement effective bias-switchable PM/PV modes have not been
reported. Herein, we present the first dual-mode vis-NIR OPD that can
operate in PM/PV mode under forward/reverse bias for different
application demands. The key point for achieving dual operating
modes is to induce or block tunneling carriers under different bias
directions. We design the OPD to operate in PM-mode under forward
bias by introducing thermal-induced interfacial structural traps, which
can tune the trapped carrier type by bias direction; and retain the PV-
mode under reverse bias by introducing a MoO3 blocking layer to
prevent tunneling electron injection. The structural traps at ZnO/bulk-
heterojunction (BHJ) and BHJ/MoO3 interfaces are formed by tuning
the surface morphology of the BHJ film through a high-temperature
annealing method. Compared to the as-cast OPD (control device), the
typical dual-mode OPD can effectively detect the broad vis-NIR
response range of 340–1000nm with enhanced specific detectivity
(D*) of ~1012 Jones in both PM and PV modes while exhibiting other
satisfying performances, such as low operating bias (±2 V) and fast
response speed (0.05/3.03ms for PM-mode; 8.64/11.14μs for PV-
mode), simultaneously. In practical application, according to the
incident light intensity, a suitable mode can be selected to keep the
photocurrent stable at a relatively balanced level, avoiding signal
amplification or high power consumption and thus reducing the bur-
den of signal processing. Our work offers a generally applicable
strategy to develop high-performance bias-switchable dual-mode
OPDs, showing great potential in simultaneously meeting the appli-
cation requirements of detecting dim and strong light and other
variable application scenarios.

Results
Typical performance and working mechanism of dual-mode
bias-switchable OPDs
The OPDs were fabricated with the classic inverted structure of ITO/
ZnO/BHJ(PBDB-T:Y6)/MoO3/Ag (Fig. 1a middle). The active layer was
spin-coated at 100 °C to prevent PBDB-T aggregation as reported in
our previouswork37. Herein, to achieve PMeffect, we annealed the 150-
nm-thick BHJ active layers at a high temperature of 250 °C to alter the
surface morphology and thus introduce structural traps at ZnO/BHJ

and BHJ/MoO3 interfaces. The as-cast OPD (without active layer
annealing) was prepared as a control.

In our design, inducing and blocking tunneling carriers under
different bias directions by thermal-induced interfacial structural traps
and blocking layers, are the key points to achieve dual-mode operation
of the OPDs. The structural traps at ZnO/BHJ and BHJ/MoO3 interfaces
are introduced by altering the surface morphology of BHJ active layer
by a high-temperature annealingmethod. The as-cast BHJ film exhibits
a smooth andflat surface (Supplementary Fig. 1a) andhas close contact
withZnOandMoO3 layers, thus the carriers can easily pass through the
ZnO/BHJ and BHJ/MoO3 interfaces without hindrance (Fig. 1a top). On
the contrary, the annealed BHJ film shall be rather rough, verified by
the rough 3Dmorphology imagemeasured by laser scanning confocal
microscope (LSCM, Supplementary Fig. 1b). Numerous spatial blind
alleys (referred as structural traps) will form at ZnO/BHJ and BHJ/MoO3

interfaces, blocking the injection of electrons/holes from external
circuit under forward bias and thereby reducing the Jd (Fig. 1a
bottom)38. Furthermore, as structural traps at interfaces have the same
blocking effect on electrons andholes and can tune the trapped carrier
type by bias direction, from the function perspective, they will also act
as hole/electron traps when illuminating the dual-mode device under
reverse/forward bias39,40.

Figure 1b illustrates the working mechanism of the dual-mode
device under different biases. (1) Under reverse bias, the devicehas low
Jddue to the large energy barriers fromZnO andMoO3 blocking layers.
When illuminated, the photogenerated electrons/holes in BHJ film are
extracted by the ITO/Ag electrode to generate photocurrent, i.e.
operating in PV-mode. In addition, since the transport and extraction
of photogenerated carriers at interfaces are limited by the structural
traps, the EQE values of the device in PV-mode are reduced as com-
pared to that of the as-cast OPD (Fig. 1d). (2) Under forward bias, the
energy barriers for charge injection from the electrodes are shallower,
thus the Jd is higher than that under reverse bias. When illuminated,
almost all the photogenerated holes and electrons are trapped at the
ZnO/BHJ and BHJ/MoO3 interfaces respectively due to the disordered
structural traps and the blocking of ZnO and MoO3 layers. As the
trapped and accumulational charges increase, the enhanced band
bending finally leads to charge tunneling injection, and hence the dual-
mode OPD operates in PM-mode under forward bias.

Figure 1c shows the current density–voltage (J–V) curves of as-cast
and dual-modeOPDs. Due to the high dark current density (Jd) of the as-
cast OPD under forward bias, the photoresponse cannot be effectively
distinguished and thus it can only operate in PV-mode under reverse
bias. After thermal annealing (30min), the Jd is significantly suppressed,
especially under forward bias (~3 orders of magnitude lower), which
makes it possible for the device to work under dual-mode operation. In
the broad wavelength range of 340–1000nm, the annealed device
exhibits PM effect with EQE of 103–105% under forward bias and
maintains PV response under reverse bias (Fig. 1d). Owing to the sup-
pressed Jd, the D* (shot-noise-limited, calculated by Supplementary
Eq. 2) of the annealed device is improved in both PM and PV modes as
compared to the control sample (Fig. 1e), indicating enhanced optoe-
lectronic performance and multi-scenario application potential.

The trapped photogenerated carriers will also cause tunneling
charge injection under reverse bias without the blocking layer. As
shown in Supplementary Fig. 2, the MoO3-free OPDs exhibit PM effect
under both forward and reverse biases. Thus, the blocking layers play a
vital role in maintaining PV response characteristic under reverse bias
and ensuring the bias-switchability of operation mode. Furthermore,
taking MoO3 for example, the functions of blocking layer can be
comprehensively summarized: (1) block the charge injection from
external circuit in dark to reduce the dark current; (2) block the charge
tunneling from external circuit under illumination to maintain PV-
mode under reverse bias; (3) further enhance the accumulation of
photogenerated holes at BHJ/MoO3 interface under forward bias due
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to its shallow lowest unoccupied molecular orbital (LUMO), and thus
improve the PM effect.

EvolutionofBHJfilmswithdifferent annealingdurations and the
effects on the interfacial band bending
PBDB-T:Y6 BHJ films were annealed at 250 °C for different durations
and periodically characterized by optical microscopy (Fig. 2a) and
LSCM (Supplementary Fig. 3). The as-cast BHJ film shows a flat and
smooth surface. Micron-sized morphology coarsening appears when
the film suffers from annealing, and the continuous process causes
an increase in both quantity and size of the appeared aggregates.
After 120min, the aggregates can even grow to a particle size larger
than the thickness of active layer, and embed throughout the entire
active layer, which can also be observed from the bottom side
(through the ITO glass, Supplementary Fig. 4). The aggregates
growth process induced by continuous high-temperature annealing
is consistent with the classical heterogeneous transformation pro-
cess, i.e., nucleation and growth41–43. Fewer and smaller aggregates
are observed on the surface of thinner film (150-nm thick, the second

line of Fig. 2a) and no clear difference in morphology is observed
from the other side. The surface morphology of the annealed BHJ
films was also characterized by a 30°-tilted scanning electron
microscope (SEM), and the evolution process is consistent with the
content described above (Supplementary Fig. 5). To explore the
composition of aggregates, PBDB-T:Y6 films with different propor-
tions were prepared. After annealing at 250 °C for 30min, the
amount of aggregates present on the film surface increases sig-
nificantly with the increase of Y6 content (Supplementary Fig. 6),
proving that the aggregates were caused by Y6.

Recently, the cross-sectional scanning Kelvin probe microscopy
(SKPM) has been employed to characterize the surface potential (SP)
difference between functional layers in organic solar cells and
photodetectors28,44–46. The vacuum level alignment within a device can
be interpreted by multiplying the SP with electron charge −e, thus
revealing the dynamic changes of interfacial band bending46. In order
to further investigate the effect of BHJ morphology changes on inter-
faces, the operando cross-sectional SKPMmeasurements were carried
out on the Ar+ beam milled edge under various operating conditions
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(Fig. 2b). The thicknesses of BHJ films were increased to ~760 nm for
clearer results.

The cross-sectional atomic forcemicroscopy (AFM) phase images
(Fig. 2c and Supplementary Fig. 7) show clear boundaries between the
organic/inorganic layers in both as-cast and 30-min-annealed devices,
which help identify the interfaces. Figure 2d shows the extracted SP
profiles of as-cast and annealed devices in dark and under AM 1.5 G
illumination at ±2 V. When the as-cast and annealed devices operate at
the samebias, the overall SP profiles vary in the samedirection, and the
degreeof SP variation increases under illumination,which is consistent
with the working mechanism in Fig. 1b. But at the ZnO/BHJ and BHJ/
MoO3 interfaces, the band bending behavior of the two devices are
quite different, especially in PM-mode (+2 V). Compared with as-cast
device, when operating in PM-mode, rapid SP drop/rise at (ZnO/BHJ)/
(BHJ/MoO3) interfaces in annealed device are observed, indicating
sharp upward/downward band bending, and vice versa in PV-mode.
This can be attributed to the accumulation of photogenerated hole/
electron at the interfaces28, which demonstrates the existence of
structural traps at both ZnO/BHJ and BHJ/MoO3 interfaces in the
annealed device.

Performance of dual-mode bias-switchable OPDs with different
annealing durations and BHJ thicknesses
Optical absorption measurements of the 150-nm-thick BHJ films with
different annealing durations were carried out and shown in Fig. 3a.

The spectra of the BHJ films displayed negligible changes under short-
time annealing within 30min. In contrast, continued annealing results
in a substantial drop in the Y6 absorption region (i.e. above 700nm)
with almost no absorption by 120min,whichmeans the annealing time
needs to be restricted. This can be interpreted as the gradual thermal
decomposition of Y6 during the long-lasting high-temperature
annealing process, since the absorption spectra of pure PBDB-T films
are maintained (Supplementary Fig. 8a) and the absorption peak
(850nm) of pure Y6 films gradually decreases with the annealing time
(Supplementary Fig. 8b). The effect of high-temperature annealing on
the electrical property of the devices was investigated via electro-
chemical impedance spectroscopy (EIS) in dark condition (+2 V), and
the Nyquist plots and equivalent electronic circuit are shown in Sup-
plementary Fig. 9. The charge transfer resistance (Rct), corresponding
to the charge transfer between electrodes and BHJ layer at a low fre-
quency, is markedly enhanced after annealing. The decrease in Rctwith
prolonged annealing process (over 30min) can be attributed to the
continuous growth of aggregates. The large-sized aggregates embed
throughout the entire active layer, forming short circuit paths41.

Due to the interfacial structural traps, the Jd of annealed OPDs are
effectively suppressed (Supplementary Fig. 10a). The decreasing open
circuit voltage after annealing suggests the introduction of structural
traps47. When operating in PM-mode (+2 V, Fig. 3b, c), the 60-min-
annealed OPD can reach a high peak EQE of 43702% (@ 340nm),
whereas the device has similar D* values with 30-min-annealed one
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(EQE = 8133% @ 340 nm) due to the effect of Jd. Benefiting from
reduced Jd, when operating in PV-mode (−2 V), OPDs annealed within
30min show higher D* than that of the as-cast and 60-min-annealed
devices (Fig. 3d). The peak EQE values are 71% and 43% for as-cast and
30-min-annealed devices at −2 V, respectively (Supplementary
Fig. 10b). The reduced EQE in PV-mode after annealing can be attrib-
uted to: (1) the high-temperature annealing process introduces a large
number of structural traps at ZnO/BHJ and BHJ/MoO3 interfaces, lim-
iting carrier transport and collection; (2) bimolecular recombination is
intensified in BHJ by poor charge transport. However, longer-time-
annealed samples exhibit reduced on-off ratios (under 850 nm illu-
mination) and much lower D* in the NIR region, consistent with the
attenuation of spectral absorption. Considering the photoresponse to
the entire vis-NIR region in both PM and PV modes, the 30-min-
annealedOPD exhibits the best optoelectronic performance. Figure 3e
demonstrates that the 30-min-annealed OPD only requires a low for-
ward bias of +0.5 V to produce PM effect, and EQE values gradually
increase with the applied forward bias.

The noise spectral density (Sn) of the optimized OPD in the test
frequency range of 1 Hz–100 kHz (Fig. 3f) shows that Sn is dominated
by 1/f noise in low-frequency range and shot noise in high-frequency
range. The device has relatively rising Sn in PM-mode, which is

consistent with the Jd–V characteristic. Whereas, a lower noise
equivalent power (NEP) of 10−13W/Hz1/2 was measured in PM-mode
(Supplementary Fig. 11a) at the modulation frequency of 60Hz owing
to the higher EQE. The maximum D* values derived from Sn (Supple-
mentary Fig. 11b, calculated by Supplementary Eq. 1) are 1.1 × 1010 Jones
in PV-mode (820 nm) and 4.5 × 1011 Jones in PM-mode (880nm).

The durability of as-cast and dual-mode OPDs (150 nm-thick,
30 min-annealed, N = 5) was investigated by placing them in air
environment at room temperature for two months (Supplementary
Fig. 12). The EQE and D* values of all the devices have different
degrees of attenuation. In contrast, the performance attenuation of
dual-modeOPDs in both PM and PVmodes is slightly higher than that
of as-cast ones. This can be attributed to the increased degradation
of organic active layer materials after high-temperature annealing,
especially for Y6, thus adversely affecting the durability of the dual-
mode device.

To investigate the effect of BHJ thickness on device performance,
a series of 30-min-annealed OPDs with BHJ thickness ranging from 150
to 530 nm were fabricated. The Jd and EQE of the OPDs in both two
operating modes decrease significantly and regularly with the BHJ
thickness (Fig. 3g, h and Supplementary Fig. 13 for EQE spectra in PV-
mode). Since EQE in PV-mode does not change in the order of
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magnitude as in PM-mode, the reduced Jdhas a greater effect onD* and
thus obviously improved D* values are obtained in PV-mode after
increasing BHJ thickness (Fig. 3i). The full set of performance of the
530-nm-thick OPDs with different annealing durations has also been
systematically studied, including J-V curves, EQE and D* spectra in PM
and PV modes (Supplementary Fig. 14). Overall, the 30-min-annealed
530-nm-thick OPD has comprehensively good performance of
exceeding 1012 Jones in both twomodes, respectively. Further, the 530-
nm-thick OPD has lower Sn, but due to the suppressed EQE, the NEP,
and corresponding Sn-derivedD* values are similar to those of the 150-
nm-thick device (Supplementary Fig. 15).

GIWAXS, power dependence and response time analysis of dual-
mode bias-switchable OPDs
The 2D Grazing-incidence wide-angle X-ray scattering (GIWAXS) ima-
ges and corresponding line-cut profiles of BHJ films annealed for dif-
ferent durations are shown in Fig. 4a, b. Clear (010) π-π stacking
diffraction peaks (qz ≈ 1.71 Å−1) in the out-of-plane (OOP) direction and
(100) lamellar stacking peaks (qxy ≈0.29Å−1) in the in-plane (IP) direc-
tion can be observed in those 2D images, especially for the annealed
films, revealing highly oriented face-on structure48,49. For more quan-
titative analyses, the stackingdistance (d), crystalline coherence length
(LC, calculated by Scherrer equation), and paracrystalline disorder
parameters g(010) and g(h00) are summarized in Supplementary Table 1.
After annealing, the LC of BHJ films increased significantly and the π-π
stacking LC reached the maximum at 30min, which indicates higher

regularity and crystallinity of annealed films and is beneficial to
improving the carrier mobility.

The paracrystalline disorder parameter for π–π stacking in the
OOP direction can be calculated by

gð010Þ =

ffiffiffiffiffiffiffiffiffiffiffi

Δq
2πq0

s

ð2Þ

where Δq and q0 are the width and center position of the diffraction
peak, respectively50. The paracrystalline disorder parameter for
lamellar stacking in the IP direction can be calculated from the slope
(m) of δb–h2 plot (Supplementary Fig. 16), which is determined by

m=
gðh00Þ

2 � π2

d
ð3Þ

where δb is the integral width of the diffraction peak, h is the order of
diffraction and d is the domain spacing51. The g(010)/g(h00) of the BHJ
films annealed for 0–120min are 14.47/21.75%, 12.03/10.26%, 11.87/
9.68%, 12.04/9.73%, and 12.39/10.61%, respectively. Collectively, lower
paracrystalline disorder parameter values are obtained for the
annealed films compared to those of as-cast film, and the value is the
smallest for the 30-min sample. This trend implies apparently lower
paracrystalline disorder and structural defect states in annealed BHJ
film, leading to high charge carrier mobility and suppressed electron
detrapping from defects when operating in PM-mode27,34. In addition,
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dependence and response time analysis of dual-mode bias-switchable OPDs.
a 2D GIWAXS images of the BHJ films with different annealing durations. b The
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and PV modes under 850nm illumination. e Photocurrent of the 30-min-annealed
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the time-resolved photoluminescence (TRPL) spectra (Supplementary
Fig. 17) show reduced average lifetime τavg of 30-min-annealed BHJ
film, which indicates decreased defect density in the BHJ bulk and thus
suppressed the relatively slower trap-assisted recombination, consis-
tent with the GIWAXS results52.

Benefiting from this, the devices exhibit high response speed in
both PV and PMmodes, the transient photocurrent (TPC) curves of the
devices under incident 850 nm optical signal with a frequency of 1 Hz
andduty ratioof 30%are shown in Fig. 4c.Whenoperating in PV-mode,
thedevices usually achieve a fast response time (defined as the 10–90%
duration time of themaximal photocurrent) in themicrosecond range
because there is no time-consuming charge accumulation process. For
the typical 30-min-annealed device, the fast rise time (tr) and fall time
(tf) of 8.64 μs and 11.14 μs are obtained in PV-mode at −2 V, which are
slightly slower than the as-cast OPD (4.15/4.19 μs, −2 V, Supplementary
Fig. 18) due to the introduced structural traps after annealing. Gen-
erally, due to the slow charge-accumulation and band-bending pro-
cess, the response speed of reported PM OPDs is much slower and
generally in the order ofmilliseconds or even seconds. In thiswork, the
tr/tf of the annealed devices in PM-mode (+2 V) gradually increase with
the annealing time and the typical 30-min-annealed device showed
0.05/3.03ms, which is among the fastest speeds in the recently
reported PM OPDs (Supplementary Table 2). Besides the optimized
face-on packing orientation and lower paracrystalline disorder men-
tioned above, the device also maintains the advantages of high-speed
dissociation and transport of photogenerated excitons in BHJ film,
accelerating the charge accumulation and thus shortening the tr/tf in
PM-mode53. The growing trend of tr/tf along with annealing time is
mainly attributed to the positive correlation between response time
and EQE/gain, as higher EQE/gain means more charge filling and
releasing processes. The large difference between tr and tf in PM-mode
can be explained as the quick trap-filling process when light incident
and the tardy recombination of the trapped electron by injected holes
when light is off. In addition, the RC time constant of the device is also
an important factor limiting the response speed, which is determined
by the product of series resistance (Rs) summation and capacitance10.
Alongwith the annealing time, the rougher surfacemorphology of BHJ
films leads to a larger contact resistance of the device and thereby
increases the Rs. Therefore, the TPC curve of 120-min-annealed device
displays a distinct large RC time constant waveform with significantly
increased tr and tf. Additionally, similar regularities have also been
verified by 530-nm-thick devices (Supplementary Fig. 19), and the
devices exhibit relatively fast response speed since the thicker BHJ film
leads to low capacitance and therefore rather short RC time16.

The transient photoresponse behavior of the 150-nm-thick 30-
min-annealedOPDunder continuous pulse signal (850nm)with a duty
ratio of 30%wasmeasured (Supplementary Fig. 20).Whenoperating in
PV-mode, the output of device can follow the on-off switching of the
incident signal and achieve steady state dark current and photocurrent
even at the frequency of 1 kHz. When operating in PM-mode, the
response begins to decrease at 1 kHz and cannot fully reach/decay to
the original photocurrent/dark current due to the reduced response
speed. Furthermore, the −3 dB cutoff frequency, defined as the fre-
quency at which the output of device is attenuated to 0.707 of the
original amplitude, of the OPDs were measured under 850nm light
(Supplementary Fig. 21). Both the as-castOPD anddual-modeOPD (PV-
mode) exhibit similar -3dB cutoff frequencies of exceeding 100 kHz
(153.1/113.5 kHz) due to the fast response speed, and the as-cast onehas
slightly larger frequency due to the faster response speed. Owing to
the time-consuming carrier accumulation and band tunneling pro-
cesses in PM effect, the -3dB cutoff frequencies of dual-mode OPD
operating in PM-mode and 30-min-annealed MoO3-free OPD (+2 V)
both decrease significantly to 8.9 kHz and 20.8 kHz respectively. The
shallow LUMO level of MoO3 allows dual-mode OPD to accumulate
more carriers at the interface and thus obtain higher EQE, but this also

requires a longer accumulation time and therefore has a lower -3dB
cutoff frequency than MoO3-free OPD.

To further characterize the 30-min-annealed device, the incident
light power (Pin) dependence of the photocurrent density (Jph) was
measured in both PV and PMmodes using an NIR light-emitting diode
(LED, 850nm)over the Pin ranging from ~10−9 to 10−1W cm−2 (Fig. 4d). In
this double logarithmic diagram of Jph–Pin, Jph presents a sublinear
relationship with the incident light intensity in the range of 132dB (PV-
mode) and 125 dB (PM-mode), and the 530-nm-thick device shows
similar characteristic (Supplementary Fig. 22). Different fromthe linear
dynamic range (LDR, slope = 1), here the Jph–Pin curves exhibit sub-
linearity with slope <1. This is due to the introduction of structural
traps at the interfaces, which leads to the hindering of photogenerated
carrier transport. Thus the bimolecular recombination will gain
favorable competition against the extraction and collection of pho-
togenerated carriers in BHJ, resulting in a sublinear Jph–Pin
dependence54,55. In contrast, the as-cast OPD without structural traps
showsa linear Jph–Pindependenceof 141 dB,while the 30-min-annealed
MoO3-free OPD is similar to that of dual-mode OPD in PM-mode, dis-
playing a sublinear relationship of 119 dB (Supplementary Fig. 23),
which is a typical feature of PM-type OPDs26,51,56,57. The LDR is the
preferred performance parameter, but the sublinear characteristic in
the double logarithmic diagram can be processed by mature data
fitting57. In addition, the high R at low light intensity also has potential
applications such as low light detection or imaging.

Figure 4e displays the photocurrent in different modes under
different incident light intensities. It can be intuitively seen that PM-
mode at low light intensity (2.02 nWcm−2) and PV-mode at high light
intensity (7.07mWcm−2) can keep the photocurrent stable at a rela-
tively balanced level. Therefore, a suitable mode can be selected
according to the incident light intensity in practical application. For
dim scenarios like night vision, the PM-mode with high EQE can avoid
the use of amplifying circuits; for the strong-light scenarios like under
direct sunlight, the low-power-consumption PV-mode can avoid
potential damages (heat-dissipation, breakdown, etc.) to the organic
active layer. This is beneficial for reducing costs and the burden of
signal processing.

Generality of the high-temperature annealing method for fab-
ricating dual-mode bias-switchable OPDs
To validate the general applicability of the high-temperature annealing
method for fabricating the dual-mode bias-switchable OPDs, the
method was applied to other organic BHJ films, i.e. PM6:Y6 and PBDB-
T:ITIC-Th, and the ~300-nm-thick BHJ film was annealed at 250 °C for
60min and 30min, respectively. The energy level diagrams of theOPDs
are shown in Fig. 5a, d. Compared with the as-cast device, the PM6:Y6
and PBDB-T:ITIC-Th OPDs both have reduced Jd (Fig. 5b, e), and exhibit
PM/PV effect at forward/reverse bias, respectively (Fig. 5c, f), verifying
the bias-switchable dual-mode performance. Supplementary Fig. 24
indicates the two devices exhibitD* values of reaching 1012 Jones in both
modes. Therefore, the mechanism and realization method can be
generally applied to OPDs with other organic BHJ active layers.

Discussion
In conclusion, we have demonstrated a series of dual-mode OPDs
exhibiting bias-switchable PM and PV operating characteristic. The
structural traps introduced at ZnO/BHJ and BHJ/MoO3 interfaces by
high-temperature annealing method cause charge tunneling injection
to obtain PM effect under forward bias, while the blocking layer pre-
vents tunneling electron injection to maintain PV effect under reverse
bias. The working mechanism of dual-mode OPD is confirmed by
operando cross-sectional SKPM measurements. In the broadband
range of 340–1000 nm, the typical 30-min-annealed OPD (active layer
thickness of 150nm)performs higherD* than the as-cast device inboth
PM and PV modes. Fast response speed is obtained in both PM (0.05/
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3.03ms) and PV (8.64/11.14 μs) modes owing to the lower para-
crystalline disorder and defect states in BHJ film. Moreover, the effects
of annealing duration and BHJ thickness on device performance are
systematically discussed, and the general applicability of the realiza-
tion strategy has been validated on other OPDs. Furthermore, the
OPDs are promising in simultaneously meeting the application
requirements of dim and strong light, avoiding signal amplification or
high power consumption, and thus reducing the burden of signal
processing.

We presume that high-performance bias-switchable dual-mode
devices should meet the following requirements: based on the typical
BHJ diode-type OPD, (1) the charge injected from the metal anode
should be blocked to reduce the dark current under forward bias. The
possible strategies include tuning the BHJ/electrode interface contact
characteristics, or/and using a blocking layer. (2) Structural traps
should be introduced in the BHJ or at the BHJ/electrode interface to
produce PM effect under illumination. Besides the high-temperature
annealing method adopted in this paper, other controllable/desig-
nable approaches, such as nano-imprinting, laser processing, template
growth, etc., can be used to tune the surface micro-nano structure of
BHJfilm and thus introduce structural traps. In addition, a similar effect
can be achieved theoretically by trapping/blocking photogenerated
carriers using a designed interfacial layer53. (3) Blocking layers on both
sides of the BHJ are essential to maintain the PV characteristics under
reverse bias, although itmay sacrifice part of the EQE in PM-mode. Our
work opens a door for new type multi-mode OPDs with a generally
applicable realization strategy and validated workingmechanism. This
device can also be developed to meet the demands of variable appli-
cation scenarios.

Methods
Materials
The organic BHJ materials (PBDB-T, Y6, PM6, and ITIC-Th) were pur-
chased from Solarmer Materials Inc. Zinc acetate dihydrate,

ethanolamine, 2-methoxyethanol, chlorobenzene and
1-chloronaphthalene were purchased from Sigma-Aldrich. MoO3 and
Ag were from ZhongNuo Advanced Material (Beijing) Technology Co.
Ltd. ITO substrateswith a sheet resistanceof<15Ω sq−1 were purchased
from South China Xiangcheng Technology Co., Ltd.

Device fabrication
The OPDs were fabricated with an inverted architecture of ITO/ZnO/
PBDB-T:Y6/MoO3/Ag. The transparent glass substrates with patterned
ITO were scrubbed with detergent and then sonicated in deionized
water, acetone and isopropanol subsequently and then dried by
nitrogen stream. The cleaned substrates were treated with UV-Ozone
for 20min before use. The ZnO precursor solution (dissolving zinc
acetate dihydrate in amixtureof ethanolamine and 2-methoxyethanol)
was spin-coated on the ITO at 4000 rpm for 40 s, and then annealed at
200 °C for 30min under atmosphere to obtain the ~30 nm ZnO layer.
The PBDB-T:Y6 (1:1.2) blends were fully dissolved in chlorobenzene:1-
chloronaphthalene (CB:1-CN, 199:1, v/v) at total weight concentrations
of 30mgmL−1 (for typical 150nm BHJ film). Before spin-coating, the
blend solution and substrates were preheated on a hot plate at 100 °C.
The active layer thickness was controlled by changing the solution
concentration and spin-coating speed. The active layers were then
thermally annealed at 250 °C for different durations under nitrogen
atmosphere. The as-cast OPD (without active layer annealing) was
prepared as control. Finally, the MoO3/Ag (10/100nm) was sequen-
tially thermally evaporated onto the active layer under high vacuum
(<10-4Pa).

Measurement and characterizations
The active layer thickness was determined by Ambios XP-300 surface
profiler. The active layer morphologies were characterized by optical
microscope (LeicaMicrosystems CMSGmbH), laser scanning confocal
microscope (OLYMPUS OLS3100), and SEM (ZEISS GeminiSEM 300).
The vis-NIR absorption spectra were measured by SHIMADZU UV-
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3600. The EIS spectra were tested by an electrochemical workstation
(CHI660D, CH Instruments). The current-voltage curves, R and EQE
spectra were measured with a semiconductor characterization system
(Keithley 4200) under a Xenon light source coupled with a mono-
chromator, calibrated with a standard Si detector (S1337-1010BQ,
Hamamatsu Photonics). The smooth device cross-sections were pre-
pared by cutting the devices from the back of glass substrate, and then
milled the exposed edge by Ar+ beam (Ilion+II 697, Gatan Inc.) under
vacuum for 2 h. The phase and SKPMSP images of device cross-section
were obtained by a Cypher S AFM (Asylum Research, Oxford Instru-
ments) in Ar-filled glovebox, and the light source was AM 1.5G solar
simulator light transmitted by full-spectrum optical fiber. The noise
spectral density and response timeweremeasuredby a semiconductor
parameter analyzer (FS-Pro, Primarius Technologies). GIWAXS mea-
surements were conducted by Xeuss SAXS/WAXS system. TRPL mea-
surements were carried out by a fluorescence lifetime spectrometer
(FluoTime 300, PicoQuant). For power dependence measurement, a
series of filterswere used tomodulate the incident light intensity while
an LED of 850nm was used as a light source.

Data availability
The data that support the findings of this study are available in the
Figshare database, at https://figshare.com/s/d8597885cafb6ef434b8.
All other data are available from the corresponding author upon
request.

References
1. Kim, M. et al. An aquatic-vision-inspired camera based on a mono-

centric lens and a silicon nanorod photodiode array. Nat. Electron.
3, 546–553 (2020).

2. Shi, Y. et al. Nonlinear germanium-silicon photodiode for activation
andmonitoring in photonic neuromorphic networks.Nat. Commun.
13, 6048 (2022).

3. Rauch, T. et al. Near-infrared imaging with quantum-dot-sensitized
organic photodiodes. Nat. Photonics 3, 332–336 (2009).

4. Baierl, D. et al. A hybrid CMOS-imager with a solution-processable
polymer as photoactive layer. Nat. Commun. 3, 1175 (2012).

5. Halls, J. J. M. et al. Efficient photodiodes from interpenetrating
polymer networks. Nature 376, 498–500 (1995).

6. Clark, J. & Lanzani, G. Organic photonics for communications. Nat.
Photonics 4, 438–446 (2010).

7. Jansen-van Vuuren, R. D., Armin, A., Pandey, A. K., Burn, P. L. &
Meredith, P. Organic Photodiodes: The future of full color detection
and image sensing. Adv. Mater. 28, 4766–4802 (2016).

8. Arquer, F. P. G., Armin, A., Meredith, P. & Sargent, E. H. Solution-
processed semiconductors for next-generation photodetectors.
Nat. Rev. Mater. 2, 16100 (2017).

9. Fuentes-Hernandez, C. et al. Large-area low-noise flexible organic
photodiodes for detecting faint visible ligh. Science 370,
698–701 (2020).

10. Xu, Y. & Lin, Q. Photodetectors based on solution-processable
semiconductors: Recent advances and perspectives. Appl. Phys.
Rev. 7, 011315 (2020).

11. Liu, J. W. et al. Challenges and recent advances in photodiodes-
based organic photodetectors. Mater. Today 51, 475–503 (2021).

12. Vollmerhausen, R. H. & Maurer, T. Night illumination in the visible,
NIR, and SWIR spectral bands. In Proc. SPIE 5076, Infrared Imaging
Systems: Design, Analysis, Modeling, and Testing XIV. 60–69
(SPIE, 2003).

13. Dayton, D. C. et al. SWIR air glowmapping of the night sky. In Proc.
SPIE 7816, Advanced Wavefront Control: Methods, Devices, and
Applications VIII, 78160J (SPIE, 2010).

14. Krieg, J. Influence of moon and clouds on night illumination in two
different spectral ranges. Sci. Rep. 11, 20642 (2021).

15. Rogalski, A. Scaling infrared detectors-status and outlook. Rep.
Prog. Phys. Phys. Soc. 85, 126501 (2022).

16. Miao, J. & Zhang, F. Recent progress on photomultiplication type
organic photodetectors. Laser Photonics Rev. 13, 1800204 (2018).

17. Miao, J. & Zhang, F. Recent progress on highly sensitive perovskite
photodetectors. J. Mater. Chem. C 7, 1741–1791 (2019).

18. Zhao, Z., Xu, C., Niu, L., Zhang, X. & Zhang, F. Recent progress on
broadband organic photodetectors and their applications. Laser
Photonics Rev. 14, 2000262 (2020).

19. Liu, J., Xia, F., Xiao, D., Garcia deAbajo, F. J. &Sun,D. Semimetals for
high-performance photodetection. Nat. Mater. 19, 830–837 (2020).

20. Hiramoto, M., Nakayama, K., Sato, I., Kumaoka, H. & Yokoyama, M.
Photocurrent multiplication phenomena at organic/metal and
organic/organic interfaces. Thin Solid Films 331, 71–75 (1998).

21. Li, L. L. et al. Achieving EQE of 16,700% in P3HT: PC71BM based
photodetectors by trap-assisted photomultiplication. Sci. Rep. 5,
9181 (2015).

22. Li, L. et al. Trap-assisted photomultiplication polymer photo-
detectors obtaining an external quantum efficiency of 37500%.
ACS Appl. Mater. Interfaces 7, 5890–5897 (2015).

23. ten Cate, S. et al. Generating free charges by carrier multiplication
in quantum dots for highly efficient photovoltaics. Acc. Chem. Res.
48, 174–181 (2015).

24. Miao, J. L., Du, M. D., Fang, Y. & Zhang, F. J. Acceptor-free photo-
multiplication-type organic photodetectors. Nanoscale 11,
16406–16413 (2019).

25. Huang, J. F. et al. Large-gain low-voltage and wideband organic
photodetectors via unbalanced charge transport. Mater. Horiz. 7,
3234–3241 (2020).

26. Lan, Z. et al. Near-infrared and visible light dual-mode organic
photodetectors. Sci. Adv. 6, eaaw8065 (2020).

27. Park, T. et al. Nanowire-embedded polymer photomultiplication
photodiode with EQE over 250,000%. Chem. Eng. J. 418,
129354 (2021).

28. Wang, C., Lai, J., Chen, Q., Zhang, F. & Chen, L. In operando
visualization of interfacial band bending in photomultiplying
organic photodetectors. Nano Lett. 21, 8474–8480 (2021).

29. Liu, M. et al. Highly sensitive, broad-band organic
photomultiplication-type photodetectors covering UV-vis-NIR. J.
Mater. Chem. C 9, 6357–6364 (2021).

30. Xing, S. et al. Photomultiplication-type organic photodetectors for
near-infrared sensing with high and bias-independent specific
detectivity. Adv. Sci. 9, 2105113 (2022).

31. Yang, L. Q. et al. Low-cost copper electrode for high-performance
panchromatic multiplication-type organic photodetectors with
optical microcavity effect. Adv. Funct. Mater. 32, 2108839 (2022).

32. Shin, C. et al. Heterojunction bilayers serving as a charge trans-
porting interlayer reduce the dark current and enhance photo-
multiplication in organic shortwave infrared photodetectors.Mater.
Horiz. 9, 2172–2179 (2022).

33. Ren, H., Chen, J. D., Li, Y. Q. & Tang, J. X. Recent progress in organic
photodetectors and their applications. Adv. Sci. 8, 2002418 (2020).

34. Kang, M. et al. A molecular-switch-embedded organic photodiode
for capturing images against strong backlight. Adv. Mater. 34,
2200526 (2022).

35. Zhao, X. et al. Photomultiplication typeorganicphotodetectorswith
different response characteristics under forward or reverse bias.
Org. Electron. 108, 106587 (2022).

36. Wu, Y. L., Fukuda, K., Yokota, T. & Someya, T. A highly responsive
organic image sensor based on a two-terminal organic photo-
detector with photomultiplication. Adv. Mater. 31, 1903687 (2019).

37. Liu, Q. et al. Thermally induced anti-aggregation evolution of thick
bulk-heterojunction for vis–NIR organic photodetectors. Adv. Opt.
Mater. 10, 2200340 (2022).

Article https://doi.org/10.1038/s41467-023-42742-0

Nature Communications |         (2023) 14:6935 9

https://figshare.com/s/d8597885cafb6ef434b8


38. Hiramoto, M., Nakayama, K., Katsume, T. & Yokoyama, M. Field-
activated structural traps at organic pigment/metal interfaces
causing photocurrent multiplication phenomena. Appl. Phys. Lett.
73, 2627–2629 (1998).

39. Hiramoto, M., Imahigashi, T. & Yokoyama, M. Photocurrent multi-
plication in organic pigment films. Appl. Phys. Lett. 64,
187–189 (1994).

40. Nakayama, K., Hiramoto, M. & Yokoyama, M. Photocurrent multi-
plication at organic/metal interface and surface morphology of
organic films. J. Appl. Phys. 87, 3365–3369 (2000).

41. Wu, W.-R. et al. Competition between fullerene aggregation and
poly(3-hexylthiophene) crystallization upon annealing of bulk het-
erojunction solar cells. ACS Nano 5, 6233–6243 (2011).

42. Leng, C. Z. & Losego, M. D. Vapor phase infiltration (VPI) for trans-
forming polymers into organic-inorganic hybrid materials: a critical
review of current progress and future challenges. Mater. Horiz. 4,
747–771 (2017).

43. Levitsky, A., Schneider, S. A., Rabkin, E., Toney, M. F. & Frey, G. L.
Bridging the thermodynamics and kinetics of temperature-induced
morphology evolution in polymer/fullerene organic solar cell bulk
heterojunction. Mater. Horiz. 8, 1272–1285 (2021).

44. Saive, R. et al. Imaging the electric potential within organic solar
cells. Adv. Funct. Mater. 23, 5854–5860 (2013).

45. Bergmann, V. W. et al. Real-space observation of unbalanced
charge distribution inside a perovskite-sensitized solar cell. Nat.
Commun. 5, 5001 (2014).

46. Chen, Q. et al. Quantitative o perando visualization of the energy
band depth profile in solar cells. Nat. Commun. 6, 7269 (2015).

47. Dong, R. et al. An ultraviolet-to-NIR broad spectral nanocomposite
photodetector with gain. Adv. Opt. Mater. 2, 549–554 (2014).

48. Rivnay, J., Mannsfeld, S. C., Miller, C. E., Salleo, A. & Toney, M. F.
Quantitative determination of organic semiconductor micro-
structure from the molecular to device scale. Chem. Rev. 112,
5488–5519 (2012).

49. Xiao, Y. & Lu, X. Morphology of organic photovoltaic non-fullerene
acceptors investigated by grazing incidence X-ray scattering
techniques. Mater. Today Nano 5, 100030 (2019).

50. Ye, L. et al. Enhanced efficiency in nonfullerene organic solar cells
by tuningmolecular order anddomain characteristics.Nano Energy
77, 105310 (2020).

51. Kim, J. et al. A regioregular donor-acceptor copolymer allowing a
high gain-bandwidth product to be obtained in
photomultiplication-type organic photodiodes. Mater. Horiz. 8,
276–283 (2021).

52. Zhu, P. et al. Simultaneous contact and grain-boundary passivation
in planar perovskite solar cells using SnO2-KCl composite electron
transport layer. Adv. Energy Mater. 10, 1903083 (2019).

53. Han, S. G. et al. Photomultiplication-type organic photodetectors
with fast response enabled by the controlled charge trapping
dynamics of quantum dot interlayer. Adv. Funct. Mater. 31,
2102087 (2021).

54. Li, S. et al. Design of a new small-molecule electron acceptor
enables efficient polymer solar cellswith highfill factor.Adv.Mater.
29, 1704051 (2017).

55. Chong, K. et al. Realizing 19.05% efficiency polymer solar cells by
progressively improving charge extraction and suppressing charge
recombination. Adv. Mater. 34, 2109516 (2022).

56. Lee, J. W., Kim, D. Y. & So, F. Unraveling the gainmechanism in high
performance solution-processed PbS infrared PIN photodiodes.
Adv. Funct. Mater. 25, 1233–1238 (2015).

57. De Iacovo, A., Venettacci, C., Colace, L., Scopa, L. & Foglia, S. PbS
colloidal quantum dot photodetectors operating in the near infra-
red. Sci. Rep. 6, 37913 (2016).

Acknowledgements
This work is supported by the National Science Fund for Distinguished
Young Scholars (Grant No. 62225106 received by H.L.), National Natural
Science Foundation of China (Grant No. U19A2070 received by Y.J. and
GrantNo. 22105032 receivedbyL.Y.), andSichuanProvinceScience and
Technology Support Program (No. 2021YFH0186 received by Y.W.). The
authors are grateful toDr. Jianqi Zhang (National Center forNanoscience
and Technology, Beijing) for his help in GIWAXS measurement. The
authors are especially grateful for technical support on SKPM and AFM
measurements from Dr. Qi Chen and Ms. Ni Yin (Suzhou Institute of
Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou).
We have also benefited from very fruitful discussions with Professor
Yang Chai (Department of Applied Physics, The Hong Kong Polytechnic
University, Hong Kong).

Author contributions
Q.L. and Y.W. conceived the idea and designed the experiments; Q.L.,
L.L., and J.W. performed the major experiments and aggregated the
figures; L.Y., Z.J., and J.X. performed the characteristic analysis; D.G.,
W.L., and H.T. assisted with the theory study; Q.L. wrote the draft; Y.W.,
Z.J., and Y.J. revised the manuscript; all authors discussed the experi-
mental results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42742-0.

Correspondence and requests for materials should be addressed to
Yang Wang or Huiling Tai.

Peer review information Nature Communications thanks Furong Zhu
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-42742-0

Nature Communications |         (2023) 14:6935 10

https://doi.org/10.1038/s41467-023-42742-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Organic photodiodes with bias-switchable photomultiplication and photovoltaic�modes
	Results
	Typical performance and working mechanism of dual-mode bias-switchable�OPDs
	Evolution of BHJ films with different annealing durations and the effects on the interfacial band bending
	Performance of dual-mode bias-switchable OPDs with different annealing durations and BHJ thicknesses
	GIWAXS, power dependence and response time analysis of dual-mode bias-switchable�OPDs
	Generality of the high-temperature annealing method for fabricating dual-mode bias-switchable�OPDs

	Discussion
	Methods
	Materials
	Device fabrication
	Measurement and characterizations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




