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New Concepts:

Photomultiplication detectors are promising for overcoming the low responsivity in organic 
shortwave infrared photodetectors. However, recent photomultiplication detectors often increase 
both the responsivity and dark current, which nullifies the effect on detectivity. To suppress the 
dark current in photomultiplicative devices, we present a new interlayer structure, a pn junction 
combination that overcomes the trade-off between signal and noise. Our bilayer design 
demonstrate the advantages in reduced dark current and excellent external quantum efficiency 
compared to devices using typical unipolar charge-transporting materials. We incorporated this 
new interlayer design in upconversion imagers, doubling the upconversion efficiency and image 
contrast. This interlayer is generalizable to different organic semiconductors, which are 
especially useful as the design here will be applicable to future infrared materials yet to be 
discovered.
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Abstract
Previous approaches to induce photomultiplication in organic diodes have increased the 

photosignal but lacked control over reducing background noise. This work presents a new 
interlayer design based on a heterojunction bilayer that concurrently enables 
photomultiplication and suppresses the dark current in organic shortwave infrared detectors to 
improve the overall detectivity. The heterojunction bilayer is consisted of a hole-transporting 
material copper thiocyanate and an electron-transporting material tin oxide, and this 
combination offers the ability to block charge injection in the dark. Under illumination, the bilayer 
promotes trap-assisted photomultiplication by lowering the tunneling barrier and amplifying the 
photocurrent through injection of multiple carriers per absorbed photon. Upon incorporating the 
heterojunction interlayer in photodiodes and upconversion imagers to trigger 
photomultiplication, the devices achieve an external quantum efficiency up to 560% and a 
detectivity of 3.5  109 Jones, and the upconversion efficiency of the imager is doubled with 1.7x 
improvement in contrast compared to the imager without the heterojunction interlayer. The new 
interlayer design is generalizable to work with different organic semiconductors, making it 
attractive and easy to integrate with emerging organic infrared systems.
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Introduction
Organic photodetectors responsive to shortwave infrared (SWIR) radiation1,2 are 

emerging, as organic semiconductors facilitate direct integration and new form factors that 
would improve the spatial resolution of imagers.3–7 Since the detectivity, namely the signal-to-
noise ratio, of organic SWIR detectors is still lower than conventional inorganic counterparts, 
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recent research has deployed photomultiplication mechanisms to increase the device response.8 
In trap-assisted photomultiplication, the charge injection barrier is lowered through an 
accumulation of photogenerated charges, leading to multiple charges being injected per photon 
absorbed and resulting in an external quantum efficiency greater than 100%. While successful at 
amplifying light signals, prior approaches have limited control over reducing dark current noises. 
To address this challenge, here we examine a new interface design that simultaneously 
suppresses the dark current9–13 and enables photomultiplication to improve the overall 
detectivity in organic SWIR devices.  

Previous organic photomultiplication devices can be categorized into two types, either 
modifying 1) the bulk heterojunction (BHJ) layer or 2) the charge transporting interlayers next to 
electrodes. For the first type,14–17 the ratio between donor and acceptor materials is tuned to be 
dominated by one material ranging from 20:1 to 100:1, in which the minor component is isolated 
from electrodes and served as trap sites for photogenerated carriers to accumulate, induce band 
bending, and lower the charge injection barrier. This method of modifying the BHJ layer was 
acceptable for visible to near-infrared photodiodes; however, for SWIR devices the narrow 
bandgap materials are less efficient at exciton dissociation18,19 and require a more balanced 
donor-to-acceptor ratio to reduce recombination loss20 and yield sufficient photogenerated 
charges in the first place in order to trigger photomultiplication. The second type21–24 of 
photomultiplication devices, in which interfacial layers are designed to enhance trap-assisted 
charge injection, does not involve a highly unbalanced BHJ composition and therefore is better 
suited for SWIR operation. Yet so far, the devices in this second category have been affected by 
high dark current upon adjustments of interlayer energy levels. Further research on interlayer 
designs is needed to achieve photomultiplication without a concurrent increase in the dark 
current.          

Typically the interlayers between BHJs and electrodes are unipolar materials that regulate 
carrier transport as seen in Figure 1a. To induce photomultiplication as illustrated in Figure 1b, 
the interlayer materials are chosen to block the transport of electrons, and the trapped electrons 
reduce the tunnelling barrier for holes to be injected. As such the photosignal is multiplied 
through charge injection. However, the interlayer configuration in Figure 1b cannot block hole 
injection in the dark and leads to higher noise current than the conventional structure in Figure 
1a. 

To decouple this trade-off between the background noise and the photocurrent, we 
introduce a bilayer heterojunction as the interlayer between the BHJ and the charge injecting 
electrode as shown in Figure 1c. Instead of a single charge-transporting material, the interlayer 
is consisted of two materials with an energetic offset forming a pn junction. In the dark, hole 
injection is expected to be inhibited by the additional n-layer, suppressing the dark current in 
comparison to the configuration in Figure 1b. Meanwhile, this bilayer will enable 
photomultiplication under illumination, because of photogenerated electrons that are trapped 

Page 3 of 17 Materials Horizons



3

at the pn junction and consequently lower the hole injection barrier of the n-layer. We note that 
the order of the pn bilayer should be coordinated with respect to the applied bias. The 
configuration of Figure 1c places the pn bilayer at forward bias for good charge injection under 
light. An alternative arrangement with the layers reversed in Figure 1d would not trigger 
photomultiplication, since the trapped electrons will be too far from the n-layer and unable to 
effectively lower the injection barrier.

Based on the design strategy in Figure 1c, this work presents organic SWIR detectors 
achieving excellent photomultiplicative gain with a dark current lower than conventional 
photodiodes without gain. After the photodiode performance is characterized in terms of 
detectivity and response speed, the SWIR sensor is integrated with an organic light emitting diode 
to demonstrate an upconversion imager. Improvements in the upconversion efficiency are 
realized as a result of active photomultiplication in the sensor delivering more charges to the light 
emitter. This proof-of-concept demonstration shows that our new interlayer is widely applicable 
and compatible with different optical structures to boost the performance of organic SWIR 
devices. 
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Figure 1. Interlayer designs. Energy diagrams of (a) a conventional photodiode with unipolar 
charge transporting interlayers and no photomultiplication and (b) a photodiode using a single 
charge blocking material, which induces photomultiplication but shows high noise current from 
charge injection in the dark. (c) Changing the interlayer over the ITO electrode to a pn 
heterojunction bilayer that enables photomultiplication and suppresses dark current. (d) 
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Reversing the p- and n-type materials in the bilayer inhibits photomultiplication. (e) Energy levels 
of the materials used in this work. (f) Cross-sectional layers in our photomultiplication device.

Results and Discussions
Effects of the heterojunction bilayer on photodiode performance

The materials and photodiode structure used in this work are shown in Figure 1e. The 
interlayer next to ITO was a bilayer of hole-transporting copper thiocyanate25 (CuSCN) and 
electron-transporting tin oxide26–31 (SnO2). Other materials combination with similar energy 
levels to CuSCN and SnO2 are also applicable for the pn interlayer. During device operation, the 
indium tin oxide (ITO) electrode is under positive bias, and the pn interlayer is forward biased 
while the BHJ is reverse biased. Formulas for computing devices metrics are included in the 
Experimental Section. 

Figure 2. Comparison of the single and bilayer interlayers, with the devices biased at -1.5 V on 
the Ag electrode. (a) Current density versus applied voltage, measured in the dark and under 9.1 
mW/cm2 illumination from a 1050 nm LED. (b) External quantum efficiency taken at the 
wavelength of 1050 nm as a function of incident light intensity. (c) Temporal photoresponse 
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under 58 nW/cm2, with the 1050 nm LED modulated at 1 Hz. (d) Noise current as a function of 
measurement frequency. (e) Responsivity and specific detectivity measured at 313 Hz as a 
function of spectral wavelength, under 1.6 μW/cm2 illumination. (f) Temporal photoresponse 
under 0.15 mW/cm2, with the 1050 nm LED modulated at 2077 Hz. (g) Photoresponse amplitude 
versus the modulation frequency of the incident light at an intensity of 0.15 mW/cm2 from the 
1050 nm LED.

Figure 2a compares the current-voltage characteristics of photodiodes with a 
conventional interlayer (a single n-type SnO2, Figure 1a) versus a pn bilayer (p: CuSCN/n: SnO2 
stack, Figures 1c and 1e). Under illumination at low applied biases < -1.3 V on the Ag electrode, 
the photocurrent was initially lower in the device with the bilayer than the conventional structure, 
because the additional CuSCN in the bilayer prevented the collection of photogenerated 
electrons. While trapped, the electrons bent the energy levels at the CuSCN/SnO2 interface and 
decreased the hole-injection barrier. As the applied bias was raised, hole injection increased, and 
eventually for a bias > -1.3 V the injected photocurrent through the bilayer stack exceeded the 
level measured in the conventional photodiode. The external quantum efficiency reached over 
100% at -1.6 V, indicative of photomultiplication at work in the device with the bilayer.

Meanwhile, the characteristics in the dark shows a reduction in the dark current due to 
the bilayer compared to the conventional structure. The dark current in Figure 2a is higher than 
devices operating in the visible but comparable to other infrared devices responsive to SWIR 
wavelengths longer than 1 m.11 The reason for the high dark current in SWIR photodiodes is 
that the bandgap of the BHJ must be reduced in order to respond to longer wavelengths.   Below 
-1.8 V the bilayer enabled a dark current lower than the conventional structure in Figure 1a. Since 
the energy difference between ITO and SnO2 is up to 3.3 eV, we thought the single SnO2 layer in 
the conventional structure would already be effective at blocking hole injection in the dark. 
However, the experimental observation is that adding a thin 5-nm CuSCN layer to the interlayer 
further reduced the dark current, and we attribute this effect as probably from the elimination 
of pinhole leakage paths in the bilayer stack. For a bias voltage larger than -1.8 V, the dark current 
of the device with bilayer increased faster than the single layer, because the applied electric field 
eventually reached so high that the probability of charge injection from ITO into the n-SnO2 layer 
increased.32 Nonetheless, the rise in dark current was still negligible compared to the 
photomultiplication current. In the future, the n-type SnO2 can be changed to a material with an 
energy level closer to the BHJ at the lowest unoccupied molecular orbital (LUMO) to further 
reduce charge injection at high electric field. With the structure in this paper, for the voltage 
window between -1 V and -1.8 V the device with the bilayer showed higher photocurrent while 
maintaining lower dark current than the device with the single SnO2 layer.     

The device external quantum efficiency (EQE) as a function of incident light intensity is 
shown in Figure 2b. The EQE of the conventional device was constant ~30% and independent of 
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light intensity until it reached saturation around 1 mW/cm2. In contrast, the device with the 
CuSCN/SnO2 interlayer exhibited EQE’s higher than 100% for light intensities below 10 mW/cm2. 
At 58 nW/cm2, the EQE was 560%. The EQE increased with decreasing intensities, and this trend 
is characteristic of a trap-assisted gain mechanism that have been observed in a variety of 
materials from organics to oxides to two-dimensional semiconductors.33–36 The 
photomultiplicative gain factor is proportional to trap/transit; when the charge transit time transit 
is shorter than the trap lifetime trap, the photocurrent is amplified by the gain factor. The lifetime 
of trapped charges was extended at low light intensity,33 because photogenerated charges 
occupied the deep trap states first before filling up shallow trap states. Charges trapped in deep 
states escaped more slowly than those in shallow states and thus led to a longer trap lifetime and 
increasing gain factor and EQE at low light intensity. 

With a higher EQE enabled by photomultiplication, the detection limit of the device with 
CuSCN/SnO2 is extended to a lower light intensity than the conventional structure. The current 
of the device with CuSCN/SnO2 in Figure 2c shows a clear photoresponse under modulated 
illumination at a low intensity of 58 nW/cm2, for which the conventional device was not capable 
to show a clear signal above its background noise. The measured noise of the conventional device 
and the one with CuSCN/SnO2 are comparable at -1.5 V bias as seen in Figure 2d. In Figure 2e we 
determined the detectivity versus incident wavelength for the devices measured at a frequency 
of 313 Hz and with a bias of -1.5 V. At the peak of 1100 nm, the detectivity D* reached 3.5 109 
Jones for the device with CuSCN/SnO2 and 6 108 Jones for the conventional device, under the 
light intensity of 58 nW/cm2. From the detectivity values, we calculated the noise-equivalent 
power (NEP), which was 1.5 nW for the device with CuSCN/SnO2 and 8.9 nW for the conventional 
device. 

Figure 2f shows the temporal response of the devices when the incident light was 
modulated at 2 kHz. The device with CuSCN/SnO2 underwent photomultiplication, which caused 
a slower rise and fall time than the conventional device, since the charge injection and de-
trapping processes would prolong the response time for the device to reach steady state. The 
frequency response of the devices is compared in Figure 2g, in which the signal amplitudes 
dropped to -3 dB at 30 kHz for the device with CuSCN/SnO2 and 100 kHz for the conventional 
device. The gain-bandwidth product is 2.6 105 Hz A W-1 for the devices, and the trade-off in 
speed with gain is typical for photomultiplication devices.

Integration of the bilayer heterojunction to improve upconversion imagers
Following successful improvements on individual photodiodes, we extended the 

heterojunction bilayer design to enhance SWIR upconversion imagers for demonstrating the 
generalizability of this new interlayer in different applications. Upconversion imagers37–41 locally 
convert low-energy infrared photons absorbed by the photodetector layer into high-energy 
visible photons in the light emitter layer, thus serving as a compact visualization tool for infrared 
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radiation. However, the photon-to-photon efficiency (p-p) of upconversion imagers is still 
limited42 and hinders the production of high-quality images. Applying photomultiplication in the 
upconversion process would increase charge injection into the emitter and raise its luminance, 
but this approach has only been demonstrated only for the near-infrared range or with quantum-
dot materials. Below we show the feasibility of applying our heterojunction bilayer to induce 
photomultiplication in SWIR ranges and increase the efficiency of organic upconversion imagers.    

Figure 3. Upconversion imagers with different interlayers in the photodiode stack. The incident 
light was at an intensity of 5 mW/cm2 from a 1050 nm light source. (a) Schematics of the 
upconversion imager with the CuSCN/SnO2 bilayer. (b) Luminance of the visible light emitted 
from the imager versus the applied bias. (c) Current density and photon-to-photon upconversion 
efficiency versus the applied bias. 

Figure 3a shows the schematic of our organic upconversion imager, which is an integrated 
structure of a photodiode (PD) and a light-emitting diode (LED) arranged as back-to-back diodes. 
We compare the effect of changing the PD interlayer on the upconverted light output in Figure 
3b. In the dark, the luminance was reduced for the device with the CuSCN/SnO2 interlayer, which 
was helpful for improving the imager contrast between regions of active upconversion and 
background emission. Under an illumination of 5 mW/cm2 at 1050 nm, as the applied bias was 
increased, the device with CuSCN/SnO2 leveraged photomultiplication to increase charge 
injection into the emitter, and its luminance surpassed the conventional structure with only SnO2 
for biases over 4.4 V. In Figure 3c, the device current densities corresponding to the luminance 
outputs show that there was 2 times higher current running through the photomultiplication 
device than the conventional device at 8 V. As a result, the p-p efficiency of the imager was 
doubled from 0.2% to 0.4% by changing the PD interlayer from only SnO2 to the bilayer 
CuSCN/SnO2.   
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Figure 4.  Results of upconversion images. (a) Imaging setup. The red box on the plastic 
protractor indicates the area being imaged. Upconversion images produced by (b) the imager 
with conventional interlayer and (d) the imager with the heterojunction interlayer. The scale 

bar represents 5 mm. The imagers were operated at 5 V, and the sample was under 290 μ

W/cm2 illumination from a 940 nm LED. (d) Histograms of images in parts (b) and (c). 

To compare the quality of upconversion images, the two imagers with different 
interlayers were used to visualize stress gradients in a sample placed between polarization filters 
as shown in Figure 4a. The sample was a plastic protractor, and for plastics made by injection 
molding, there would usually be stress gradients prominent at corners and edges due to different 
materials flow rate in the fabrication process. Local stress variations would be shown as bright 
and dark regions depending on whether the refracted light from the sample aligned with the 
polarization filter in front of the imager. In Figures 4b and 4c, the sample image by the imager 
with CuSCN/SnO2 shows better contrast than that with only SnO2 as the interlayer. Using the 
image analysis software ImageJ under the RGB stack function, the contrast between the peak 
light level to the background is 3.9 for the former photomultiplication device and 2.3 for the latter, 
indicating improved quality through the interlayer modification. While the histograms in Figure 
4d are limited to 256 levels due to the image conversion process, the contrast increased by 1.7 
times.
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Conclusion
This work has demonstrated the performance of a bilayer heterojunction CuSCN/SnO2 as 

the charge transporting interlayer in organic SWIR photodetectors to realize photomultiplication 
and low dark current, with an EQE up to 560% and a detectivity of 3.5109 Jones. As the bilayer 
was applied to upconversion imagers, the upconversion efficiency and imager contrast was 
nearly doubled compared to the conventional structure. The bilayer heterojunction design can 
be further optimized; for example, the thickness of the SnO2 layer is currently set at 20 nm to be 
the same in the control and the new bilayer, but it is possible that this layer thickness can be 
slightly reduced in the bilayer without impacting the dark current. A thinner bilayer can increase 
charge injection during the photomultiplication process to reach for higher amplification. 
Modifying the interlayer to enhance photomultiplication offers a key advantage that it is 
adaptable to different BHJ choices, making it versatile and compatible with future semiconductor 
materials that can extend the spectral range and functionalities of organic infrared detectors.

Experimental Procedures
Materials

The synthesis of the polymer (poly(4-(5-(4-(3,5-bis(dodecyloxy)benzylidene)-4H-
cyclopenta[2,1-b:3,4-b’]dithiophen-2-yl)thiophen-2-yl)-6,7-dioctyl-9-(thiophen-2-yl)-
[1,2,5]thiadiazolo[3,4-g]quinoxaline)) (CDT-TQ) was described in Ref. 43, and the polymer 
belonged to a class of narrow bandgap donor-acceptor copolymers.44 The acceptor [6,6]-phenyl-
C71-butyric acid methyl ester (PC70BM) was purchased from Ossila Ltd. Camphoric acid anhydride 
(CA), which is used to increase the dielectric constant of the BHJ layer to enhance exciton 
dissociation,43 was purchased from Sigma-Aldrich Ltd. The CDT-TQ, PC70BM, and CA were blended 
at 2:4:1 weight ratio dissolved in 1,2-dichlorobenzene at a concentration of 28 mg mL-1. An 
additive 1,8-diiodooctane was added to the blend at a volume ratio of 3%. This BHJ blend solution 
was stirred at 70  for at least 24 hours. The solution for the CuSCN layer was prepared by ℃
dissolving CuSCN in diethyl sulphide at a concentration of 2 mg mL-1. We have varied the 
concentration of the CuSCN solution from 1.5 to 2 mg mL-1. It is found that 2 mg mL-1 is the lowest 
concentration for CuSCN processing. If the solution concentration is lower than 2 mg mL-1, the 
sample showed non-uniform coverage of the film. The solution for electron-transporting SnO2 
was prepared by dissolving SnCl2H2O in ethanol at concentration of 0.07 M, and the solution45 
was stirred in water bath at 80  for 4 hours followed by 40  for another 4 hours.℃ ℃

Photodiode fabrication
The ITO substrates with a sheet resistance ~ 15 Ω sq-1 were cleaned by detergent, 

deionized water, acetone, and isopropanol, submerged in each solvent for 15 min sonication. For 
device having SnO2 single layer, the SnO2 layer was prepared by spin-coating the precursor 
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solution at 3000 rpm for 40 s.  The sample was annealed at 180  for 1 hour, resulting in a thin ℃
film of ~20 nm. For device having CuSCN /SnO2 bilayer, the CuSCN layer was prepared by spin-
coating the solution at 1200 rpm for 40s and then annealing at 90  for 5 min in the ambient, ℃
resulting in a thin film of ~5 nm. The SnO2 layer was prepared by spin-coating the precursor 
solution at 3000 rpm for 40 s and annealing up to 170  for 1 hour. The substrates with ℃
interlayers were transferred to a nitrogen-filled glovebox to deposit the BHJ layer. The BHJ blend 
solution was spin-coated at 2000 rpm for 40 s on top of the SnO2 layer to form a film with a 
thickness of ~200 nm. Afterwards, 10 nm molybdenum oxide (MoOx) and 100nm Ag layer were 
thermally deposited through a shadow mask, defining an active area of 0.09 cm2. All the devices 
were encapsulated before characterization in the ambient.

Photodiode characterization
In the current-voltage measurements, the bias voltage was applied by a sourcemeter 

(Keithley 2400), and the current was recorded by the same sourcemeter. SWIR light was from a 
LED (Thorlabs, LED1050L) with a peak wavelength of 1050 nm. The light intensity was controlled 
by adjusting the distance between device and LED and measured by a germanium (Ge) detector 
(Newport, 818IR). In the EQE measurements, the monochromatic light source was modulated at 
313 Hz by an optical chopper. The device photocurrent was amplified through a pre-amplifier 
(Stanford Research Systems, SRS 570) and then recorded by a lock-in amplifier (Stanford Research 
Systems, SR 530). The noise spectral densities were measured using the pre-amplifier connected 
to the lock-in amplifier. The reference frequency in the noise current measurements was 
controlled by a function generator (Rigol, DG 2401A) serving as the external trigger for the lock-
in amplifier. The device noise was calculated by subtracting the equipment background noise. 
Transient photocurrent was measured under the 1050 nm LED light modulated by the function 
generator, and the corresponding photocurrent was recorded by an oscilloscope (Rigol, DS1054). 

The external quantum efficiency was calculated from the photocurrent:
, (1)𝐸𝑄𝐸 = (𝐽𝑝ℎ 𝑃𝑖𝑙𝑙𝑢𝑚𝑖𝑛)(ℎ𝑐 𝜆𝑞) = 𝑅(ℎ𝑐 𝜆𝑞)

where  is the photocurrent density,  is the intensity of the incident light,  is the Plank’s 𝐽𝑝ℎ 𝑃𝑖𝑙𝑙𝑢𝑚𝑖𝑛 ℎ
constant,  is the speed of light,  is the wavelength of the incident light, and  is the elementary 𝑐 𝜆 𝑞
charge, and  is the responsivity.𝑅

The specific detectivity was determined by 
 (2)𝐷 ∗ = 𝑅𝐴0.5 𝑆𝑛,

where  is the responsivity (A/W), A is the photodetector active area (cm2), and Sn is the noise 𝑅
spectral density (A/Hz0.5) of the detector.

The noise equivalent power is wavelength dependent and related to detectivity by
 (3)𝑁𝐸𝑃 = 𝐴0.5/𝐷 ∗ = 𝑃𝑚𝑖𝑛 𝐵𝑊,

where Pmin is the minimum detectable optical power and BW is the measurement bandwidth.
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Upconversion imager fabrication and characterization
For the upconversion imager, additional layers were deposited on top of the PD layers 

following the schematic in Figure 3a. The films of 35 nm N,N′-Bis(naphthalen-1-yl)-N,N′-
bis(phenyl)benzidine (NPB), 50 nm tris(8-hydroxyquinoline)aluminum(III) (Alq3), 2nm lithium 
fluoride (LiF), and 300 nm Al layers were sequentially deposited on the MoOx layer by thermal 
evaporation. 

The intensity of visible light emission from the upconversion device was measured by a Si 
detector (Thorlabs DET36A). SWIR light was shine onto the upconversion imager at an incident 
angle of 45. A shortpass filter (<800 nm) was placed before the Si detector to block surface-
reflected SWIR light that could add unwanted contribution to the visible light measurement. The 
spectrum of the emitted visible light was measured by a spectrometer (Ocean Optics USB2000).    

The upconversion efficiency for converting SWIR photons to visible photons is known as 
the photon-to-photon conversion efficiency and obtained by37

, (4)𝜂𝑝 ― 𝑝 =
𝑁𝑜𝑢𝑡

𝑁𝑖𝑛
=

∫𝐼𝑜𝑢𝑡(𝜆)𝜆𝑑𝜆
𝑃𝑖𝑛𝜆𝑖𝑛

where Nout is the number of visible photons emitted into the half space, Nin is the number of 
SWIR photon incident on the active area, Iout is the intensity of emitted visible light as a function 
of wavelength, and Pin and in are the power and wavelength of the incident light.
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