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Abstract  

Solution-processed, color-selective organic photodetectors are uniquely positioned to deliver 

high-performance, low-cost, multicolor light sensors/imagers beyond the limitations of 

conventional, color-filter-based technologies. To realize such potential, however, a prominent 

challenge has been the solution-based, monolithic integration of vertically stacked organic 

photodetectors, which would enable multicolor sensing with optimum light collection while 
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benefiting from the scalability, cost, and sustainability edges of solution-based manufacturing. 

To tackle this challenge, this paper demonstrates, for the first time, the monolithic integration 

of vertically stacked solution-processed organic photodetectors for independent, multicolor 

light sensing within the same pixel area. The solvent orthogonality challenge is tackled by 

selecting polymer-based photoactive layers and an insulating polymeric spacer—for 

independent biasing and photocurrent readout—with compatible processing conditions. Based 

on the suitable characteristics of blue- and green-sensitive standalone devices, the vertically 

stacked, monolithic device architecture is optimized by also incorporating semitransparent 

electrodes for photons to reach deep into the stack. The resultant device architecture enables 

efficient blue- and green-selective photodetection with state-of-the-art linearity, alongside 

speed of response adequate for real-world applications. Based on its solution-processability and 

modularity, this approach paves the way for the facile, solution-based fabrication of organic 

imagers covering multiple spectral regions with high sensitivity and resolution. 

 

1. Introduction 

Multicolor photodetection is key to a wide range of applications, not only in the conventional 

areas of colorimetry and digital photography, but also in emerging domains such as smart 

manufacturing, smart agriculture, smart homes, medical diagnostics, and wearable 

electronics.[1–6] Conventional photodetector technologies rely on semiconductors that have 

broadband absorption properties (e.g., silicon), which therefore require input optical filtering to 

achieve color selectivity.[2,7] This approach is exemplified by the adoption of imager 

architectures featuring a color filter array atop a matching broadband photodetector array[8] 

(Figure 1a). In such architectures, each pixel consists of several photodetectors laterally sharing 

the pixel area and underlying different color filters, with the signals from such photodetectors 

being interpolated to determine the color coordinates at that pixel. While commercially 

successful, this approach comes with important performance limitations. In addition to color 

artifacts, the fractioning of each pixel into a subset of photodetectors introduces conspicuous 

optical losses (on top of those associated with the non-ideal transmittance of the color filters), 

which impacts the imager performance and resolution.[8] For instance, in conventional red-

green-blue imagers with four color filters per pixel, on average approximately two-thirds of the 

light is absorbed by the color filters (Figure 1a),  thereby not contributing to light sensing. If 

multispectral imaging were to be pursued with this same approach, the optical losses would 

become even more severe, making this approach unsuitable.  
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Figure 1. Impact of vertical photodetector stacking on color sensing. a) Conventional approach 

to color sensing based on a color filter array and broadband photodetectors: architecture (left) 

and schematic of the inherent dissipation of up to 75% of the light in the optical filters at each 

pixel (right). b) Vertically stacked filterless color sensors: architecture (left) and schematic of 

the capability of this approach to ultimately deliver zero optical losses (right). c) Potential of 

vertically stacked filterless color sensors for multispectral sensing by adding additional 

photodetectors in the stack sensitive to different spectral regions: architecture (left) and 

schematic of the capability of this approach to ultimately deliver zero optical losses (right). d) 

Hybrid color sensor featuring green selective photodetectors atop photodetectors equipped with 

color filers for red and blue light: architecture (left) and schematic of the inherent dissipation 

of up to 50% of the light in the optical filters at each pixel (right). Legend: B = blue; G = green; 

R = red; X = spectral band of choice apart from B/G/R; PD = photodetector. 

 

To overcome the limitations of conventional color sensing, a vertically stacked photodetector 

architecture would provide an attractive solution. This architecture involves the vertical 

stacking of photodetectors selectively responsive to different spectral regions and transparent 

elsewhere[2,5,8] (Figure 1b). Therefore, this approach would make color filters (and arrays 

thereof) unnecessary, thereby allowing color imaging without interpolation artifacts. 

Additionally, this approach would ultimately allow the entire pixel area to be used for light 

collection by all the photodetectors within a given pixel (Figure 1b),  thereby enabling higher 

sensitivity and/or resolution (e.g., a fourfold improvement compared to conventional red-green-

blue color-filtered architectures).[9] Ultimately, beyond red-green-blue color sensing/imaging, 

this approach could be seamlessly scaled—potentially without loss in photon collection 



  

4 

 

efficiency—to multispectral sensing/imaging by including additional photodetectors sensitive 

to adjacent spectral bands within the device stack (Figure 1c). 

 

While color sensing based on vertically stacked photodetectors has been successfully 

demonstrated with silicon (reaching the market with the Foveon X3 image sensors),[10,11] the 

invariable, broadband absorption properties of silicon lead to spectral responsivities with 

comparatively large spectral widths,[12] affecting the complexity and noise performance of the 

resultant color detection scheme.[8] On the other hand, organic semiconductors have been 

identified as highly promising for vertically stacked color sensors due to their spectral tunability 

via facile chemical tailoring, which enables photodetectors inherently responsive to different 

spectral regions.[2,5,13] Beyond conventional color imaging applications, vertically stacked 

organic photodetectors can also be exploited for polarization-sensitive multicolor 

detection.[14,15] Moreover, organic photodetectors are also attractive due to their 

manufacturability via low-temperature solution-based methods (e.g., printing and coating) on 

flexible plastic substrates, which paves the way for the high-throughput and potentially low-

cost fabrication of organic color sensors and imagers.[16–19] Importantly, compared to other 

emerging photodetector technologies also boasting spectral tunability and solution 

processability (e.g., lead halide perovskites and colloidal quantum dots),[7,20–24] organic 

semiconductors are carbon-based materials without toxic heavy metals in them, leading to a 

more benign sustainability profile.[25,26] 

 

Despite considerable research efforts and industrial interest,[13,27–34] the monolithic integration 

of color sensors/imagers based on vertically stacked solution-processed organic photodetectors 

has remained a prominent, open challenge in the field. The significance of this challenge relates 

to the ambition of color-sensitive organic photodetector research as a whole: to seamlessly 

realize high-performance color sensors through the sequential deposition of inks of organic 

semiconductors and other printable functional layers.[18] An intermediate avenue reported in 

several studies to date involves a hybrid configuration, whereby an array of green-sensitive 

organic photodetectors is placed atop a pixelated silicon imager comprising a red-blue color-

filter array[18,31–34] (Figure 1d). While delivering improved performance compared to 

conventional filter-based solutions, this approach generally suffers from similar limitations (e.g., 

half of the blue and red photons are dissipated in the color filters; see Figure 1d). In regard to 

reports pursuing filterless photodetector stacking, many of them rely on organic photodetectors 

processed on separate substrates and subsequently placed atop each.[9,13,14,35,36] Therefore, this 
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approach is inherently problematic from a manufacturing point of view: not only does it counter 

the promise of facile, high-throughput fabrication of color sensors and imagers, but it is also 

conducive to de-focusing, registration issues (which would eventually limit the yield or imager 

resolution achievable), and bulkiness.[36] Additionally, the remaining reports rely on vacuum-

processed photoactive layers and spacers,[27–30,37] thereby blunting the technological edge of 

organic photodetectors over conventional technologies in terms of fabrication complexity and 

throughput. 

 

The challenges associated with the solution-based, monolithic integration of a vertically stacked 

organic color sensor concern the optoelectronic properties of the photoactive layers, the device 

architecture, the electrical properties of the device stack, and processing constraints. At an 

optoelectronic level, it is necessary to deploy solution-processable organic photoactive layers 

that absorb light in different spectral regions and are concurrently capable of efficient 

photoconversion (Figure 1b), with matching electrodes that ensure efficient charge collection. 

At a device architecture level, solution-processable, transparent, insulating spacers are needed 

to electrically isolate adjacent photodetectors in the stack, enabling their independent biasing 

and current readout. Note that this aspect is essential to ensure the scalability of the vertically 

stacked architecture to multicolor sensing, marking a significant departure from the 

requirements of tandem and multi-junction solar cells.[38] Moreover, the front and intermediate 

electrodes of the photodetectors in the device stack need to have a high degree of transparency 

to allow photons to reach the target photoactive layer in the stack. At an electrical level, the 

bias voltages required to ensure adequate photoconversion in the various photodetectors in the 

stack should be minimized in order to prevent the breakdown of the photodetectors and their 

spacers. At a processing level, to ensure the physical integrity and functionality of the 

photodetectors in the stack, all layers should be orthogonal to the solvents used for the 

deposition of the layers immediately above, as well as resilient to the associated process steps; 

moreover, all layers should not require process temperatures that would damage the underlying 

layers in the stack. Such processing challenges are particularly critical and pose a significant 

constraint on the photoactive materials that can be adopted compared to the vast selection of 

functionally suitable organic semiconductors.[5] Based on all of challenges above, it is not 

surprising that the monolithic integration of a solution-based, vertically stacked organic color 

sensor has been elusive to date.  
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To advance the capabilities of solution-based organic photodetectors for color sensing, in this 

study we report, for the first time, the viability of a solution-based, modular platform for the 

monolithic integration of vertically stacked organic photodetectors for independent multi-color 

light sensing. As a proof-of-concept demonstration, we investigate the realization of a vertical 

device stack featuring two types of printable polymer-based photoactive layers capable of 

independently and concurrently sensing green and blue light. After illustrating the development 

and characterization of high-performance standalone photodetectors comprising these polymer-

based photoactive layers, we present their monolithic integration in a vertical device stack. 

Specifically, we first discuss the strategies we devised to overcome the electrical, architectural, 

processing, and optoelectronic challenges underlying the realization of this device stack. Based 

on the resultant demonstration of the first monolithic, solution-based organic photodetector 

stack for independent, dual-color light sensing, and given the modularity of the approach 

pursued, we finally discuss the implications of our findings in terms of the future developments 

of high-performance organic color sensors and imagers. 

 

2. Results and Discussion 

Aiming to develop a platform for solution-processed, stacked, organic photodetectors toward 

high-performance multicolor light sensing, we reasoned that polymer-based photoactive layers 

would provide the ideal avenue. On the one hand, polymer semiconductors often lead to 

smoother and more uniform films compared to their small-molecule counterparts,[39–41] which 

is particularly desirable in multi-layer device stacks, given that morphological asperities are 

known to lead to shunts.[42,43] On the other hand, polymer semiconductors generally possess 

higher solvent resistance compared to their small-molecule counterparts,[44,45] thereby 

mitigating the constraints on the solvents that can be used when additional layers are solution-

deposited onto the device stack. 

 

To realize a proof-of-concept demonstration of solution-processed stacked photodetectors 

independently selective to green and blue light, we considered stacking a green-sensitive 

photodetector atop a blue-sensitive photodetector. While polymer-based photoactive layers 

would provide the ideal avenue for solution-based photodetector stacking, the broadband 

absorption character of conjugated polymers generally prevents the realization of narrowband-

absorption-type polymer-based photodetectors (i.e., color-selective photodetectors that absorb 

light only within the target spectral range).[5,46] However, we reasoned that, due to stacking, a 

green selective photodetector could be simply obtained from a broadband photoactive layer 
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with an absorption onset at the long-wavelength edge of the green range. By placing such a 

photodetector atop a narrowband-absorption-type blue-selective photodetector, blue photons 

would be dissipated in the latter, thereby allowing only longer-wavelength photons (e.g., green 

and red photons) to reach deeper into the photodetector stack. In such a case, the broadband 

polymer-based photoactive layer with absorption onset at the long-wavelength edge of the green 

range would effectively behave as a green-selective light sensor. 

 

Based on the aforementioned aims and constraints, we considered investigating poly(9,9-

dioctylfluorene-alt-bithiophene) (F8T2) as the blue-absorbing polymeric component of the 

photoactive layer for blue-selective photodetection and poly[2-methoxy-5-(2’-ethylhexyloxy)-

1,4-phenylene vinylene] (MEH-PPV) for green-responsive photodetection, as detailed in the 

following. The molecular structures of the two materials are displayed in Figure 2a. In addition 

to their suitable optoelectronic properties and device performance (see below), these polymers 

were selected due to their facile synthesis,[47–49] wide commercial availability, and low cost 

amongst organic semiconductors. Indeed, ease of synthesis has been identified as essential for 

the industrial scale-up of organic semiconductor technologies.[50,51] 

 

2.1. Characterization of F8T2- and MEH-PPV-Based Films 

The choice of F8T2 for blue-selective light detection was based on its thin-film optical gap of 

2.42 eV (see the Tauc plot in Figure 2b) and corresponding absorption onset wavelength of 

λabs,on = 512 nm, which is ideal for blue-selective narrowband-absorption-type photodetectors. 

The HOMO and LUMO levels of F8T2 thin films were at 5.27 eV and 2.85 eV, respectively, 

below the vacuum level, as determined via ultraviolet photoelectron spectroscopy (UPS) and 

ultraviolet-visible (UV-Vis) spectrophotometry (see Figure 2b-c). Therefore, we resolved to 

blend F8T2 with phenyl-C61-butyric acid methyl ester (PCBM; see Figure 2a) to realize bulk 

heterojunctions that could enable efficient blue-selective narrowband-aborption-type 

photodetectors. Indeed, while the latter manifests an absorption tail through the visible range, 

its absorption coefficient in the green and red spectral regions is more than fifteen times smaller 

than the absorption coefficient of F8T2 in the blue spectral region, allowing balanced 

F8T2:PCBM blends (i.e., 1:1 by weight) to be also highly absorbing in the blue spectral region 

(Figure 2d). The measured photoluminescence spectra of F8T2, PCBM, and F8T2:PCBM (1:1) 

films confirmed adequate quenching of the luminescence in F8T2:PCBM films (Figure 2e), 

consistent with the literature.[52] Furthermore, F8T2:PCBM (1:1) blends delivered compact, 

ultra-smooth films with a root-mean-square (RMS) roughness of only 0.5 nm (Figure 2f), which  
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Figure 2. a) Molecular structures of the materials used in the study. b) (top) Plots of (𝐴ℎ𝜈)2 

versus the photon energy ℎ𝜈 (i.e., Tauc plots) for F8T2 and MEH-PPV films, where 𝐴 is their 

measured absorbance; (bottom) UPS intensity (valence band states (left) and He I secondary 

electron onset (right)) from F8T2 and MEH-PPV films. c) Energy levels of the different 

materials used in this study. d) Absorption coefficients of PCBM,[53] F8T2, F8T2:PCBM (1:1), 

MEH-PPV, MEH-PPV:PCBM (1:1). e) Corresponding photoluminescence (PL) spectra. f) 

Atomic force microscopy images of F8T2:PCBM (1:1) and MEH-PPV:PCBM (1:1) films. 

 

denotes good mixing between the two materials, as also highly desirable for the integration of 

such films in a multi-layer device stack. 

 

We investigated MEH-PPV for the realization of green-responsive photodetectors firstly due to 

its strong absorption of green photons (Figure 2d), thanks to its optical gap of 2.17 eV (see Tauc 

plot in Figure 2b), which is approximately at the low-energy edge of the green spectral region. 

The experimentally determined HOMO and LUMO levels of spin-coated MEH-PPV films were 

at 5.2 and 3.0 eV, respectively, below the vacuum level (see Figure 2b-c). Measured 

photoluminescence spectra of MEH-PPV, PCBM, and MEH-PPV:PCBM (1:1) films (see 

Figure 2e) confirmed the quenching of the photoluminescence of MEH-PPV once it was 

blended with PCBM in a 1:1 ratio (by weight), consistent with the literature.[54] Additionally, 
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given the much larger absorption coefficient of MEH-PPV compared to PCBM (Figure 2d), 

MEH-PPV:PCBM (1:1) films manifested comparatively little absorbance beyond the onset 

wavelength of MEH-PPV (Figure 2d), which is ideal for green-sensitive photodetection. Finally, 

the spin-coated MEH-PPV:PCBM films had an RMS roughness of only 1.1 nm (Figure 2f), 

making them appealing for incorporation in a multilayer device stack. 

 

2.2. F8T2-Based Blue-Sensitive Photodetectors 

We first pursued the realization of standalone F8T2-based and MEH-PPV-based photodetectors 

to assess their ultimate photodetection capabilities for blue- and green-responsive 

photodetection, respectively, free of the processing constraints of the stacked device 

architecture. Specifically, we fabricated F8T2-based photodetectors by sandwiching a 160-nm-

thick F8T2:PCBM film between a PEDOT:PSS | indium-tin oxide (ITO) anode and an 

aluminum cathode (Figure 3a). 

 

The external quantum efficiency (EQE) spectra are shown in Figure 3b. Such spectra reveal a 

blue-selective response in agreement with the absorbance of the F8T2 and F8T2:PCBM films. 

A steep edge was observed at λ ≅ 520 nm (Figure 3b), which closely follows the absorption 

onset of F8T2 (see above). The EQE peaked at λp,EQE ≅ 454 nm, precisely matching the absolute 

maximum of the absorbance of F8T2 and F8T2:PCBM films. In particular, in self-powered 

operation (VBIAS = VAl – VITO = 0 V), the peak external quantum efficiency, EQEp = EQE(λp,EQE) 

amounted to 20.7 %, denoting efficient photoconversion in the blue spectral region. Further, 

EQEp increased with VBIAS, reaching 45.8 % at VBIAS = 3 V (Figure 3b), making these 

photodetectors highly efficient for blue-selective light detection. The corresponding 

responsivity R (R = Jph / Pin, where Jph is the photocurrent density and Pin is the optical power 

density) followed the same trend, reaching up to 174 mA W-1 in the blue spectral region at 

VBIAS = 3 V (Figure 3c); concurrently, the specific detectivity in the shot noise limit, Dsn*, (i.e., 

Dsn* = R / (2 q Jd)
1/2, where Jd is the measured dark current density; see Figure S1) reached a 

maximum of 3.3·1012 Jones (Figure 3c), which is in line with the general organic photodetector 

literature.[5] The increases in EQE and responsivity with VBIAS can be traced to the higher 

efficiency achieved in terms of exciton dissociation and/or carrier collection as the applied 

voltage rises.[55] Importantly, such EQE values are among the highest for blue-selective 

narrowband-aborption-type organic photodetectors.[7] 
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In addition to a strong photoresponse in the blue range, F8T2:PCBM photodetectors also 

provided robust rejection of photons outside the target spectral range (Figure 3b). The residual 

response in the green spectral region can be traced to the absorption properties of PCBM (see 

Figure 2d), whose domains therefore also contributed to the photocurrent. However, given the 

superior absorption properties of F8T2, the out-of-band photocurrent response was minor and 

did not compromise the spectrally selective character of the F8T2:PCBM photodetectors. For 

instance, the F8T2:PCBM photodetectors delivered an EQE spectral rejection ratio[5] 

SRREQE(λp,EQE, 570 nm) = EQE(λp,EQE)/EQE(570 nm) of ∼13 and independent of the bias 

voltage with respect to the wavelength λgreen = 570 nm, which represents the onset of the green 

spectral range. 

 

The F8T2:PCBM photodetectors exhibited a linear photoresponse, as determined from their 

photocurrent-optical power characteristics (Figure 3d). Such characteristics were measured 

using an LED source narrowly emitting around λ = 455 nm, consistent with the intended real-

world use of such photodetectors for blue-light sensing. The least-square fit of the measured 

photocurrent data as a function of the optical power conforms to the relationship 

 

 

Figure 3. F8T2-based blue-sensitive photodetectors: a) device structure; b) EQE spectra at 

different reverse bias voltages; c) spectral responsivity (bottom) and specific detectivity in the 

shot noise limit (top); d) photocurrent density Jph versus optical power density Pin at λ = 455 

nm and VBIAS = 0 V. A fit of the type 𝐽𝑝ℎ  ∝  𝑃𝑖𝑛
𝛼

 is overlaid on the measured dataset. 
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𝐽𝑝ℎ  ∝  𝑃𝑖𝑛
𝛼

  with 𝛼 = 1.02, i.e., which is essentially indistinguishable from unity given the 

uncertainty limits associated with the measurement and the fitting routine. This result indicates 

that the F8T2:PCBM layers were not burdened with trap states intersecting the quasi-Fermi 

levels in the photoactive material as the incident optical power was raised.[56–58] Additionally, 

this result confirms the suitability of these photodetectors for real-world applications, which 

generally require not only color-discrimination capabilities but also the quantitative 

determination of the incident optical power, for which a linear photoresponse is essential.[59,60] 

In fact, the observed linear behavior spanned more than four orders of magnitude, given that 

the optical power range probed was not limited by the device response but by characterization 

equipment used. Therefore, these photodetectors possessed a linear dynamic range greater than 

76 dB, if we estimate the lower limit of the linear dynamic range as 𝐿𝐷𝑅𝑈  =

 20 log(𝐽𝑝ℎ,𝑚𝑎𝑥
(𝑚𝑒𝑎𝑠)

𝐽𝑝ℎ,𝑚𝑖𝑛
(𝑚𝑒𝑎𝑠)

⁄ ), where 𝐽𝑝ℎ,𝑚𝑎𝑥
(𝑚𝑒𝑎𝑠)

 and 𝐽𝑝ℎ,𝑚𝑖𝑛
(𝑚𝑒𝑎𝑠)

 are the upper and lower bounds of the 

photocurrent in the linear region that could be probed with our experimental apparatus. 

 

2.3. MEH-PPV-Based Green-Sensitive Photodetectors 

In line with the goal of realizing vertically stacked multicolor light sensors, we additionally 

investigated MEH-PPV-based green-sensitive photodetectors. We first realized MEH-

PPV:PCBM devices with the same architecture as the F8T2-based counterparts, comprising a 

spin-coated 360-nm-thick active layer (Figure 4a). However, we found that devices comprising 

1:1 (by weight) MEH-PPV:PCBM films did not deliver a strong photoresponse (Figure 4b). 

Therefore, we investigated photodetectors with active layers having different MEH-

PPV:PCBM blending ratios: 1:4, 1:2, 1:1, 2:1 (by weight). By comparing the EQE spectra of 

the corresponding photodetectors, we found that those with a 1:4 blend gave the strongest 

photoresponse (Figure 4b). Correspondingly, we measured higher photoluminescence 

quenching from MEH-PPV:PCBM films with such a blending ratio (Figure 4c). Therefore, the 

enhanced photoresponse from the 1:4 MEH-PPV:PCBM devices can be rationalized in terms 

of the higher photogeneration efficiency (via enhanced exciton dissociation) enabled by the 1:4 

MEH-PPV:PCBM films. Based on this result, we adopted a 1:4 ratio for the MEH-PPV:PCBM 

photoactive layers in the rest of our study. 

 

The EQE spectra of the MEH-PPV-based photodetectors closely followed the absorption 

spectrum of MEH-PPV thin films, with a steep rise at around 570 nm and a strong 

photoresponse at 450–550 nm (Figure 4d). The peak EQE amounted to EQEp = 31.2 % in self-

powered operation. Additionally, EQEp reached 56.9 % as the reverse bias voltage was 
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increased to 3 V (Figure 4d), consistent with the enhancement of the exciton dissociation 

efficiency and/or carrier collection efficiency.[55] Among green-sensitive solution-processed 

organic photodetectors operating in primary photocurrent mode reported to date, this represents 

one of the highest efficiencies[16,55] and marks a more than 50 % increase compared to prior 

work on MEH-PPV:PCBM photodetectors.[61] This performance increase can be traced to our 

optimization of the photoactive layer composition. Concurrently, as shown in Figure 4e, the 

spectral responsivity peaked at 230 mA W-1 in the green spectral region, while the maximum 

specific detectivity in the shot noise limit, Dsn*, amounted to 4.8·1012 Jones, which is 

comparable to the performance of the F8T2-based photodetectors reported above. 

 

A shallow photoresponse tail was observed from MEH-PPV:PCBM devices beyond the 

absorption onset of MEH-PPV (Figure 4d), which can be traced to the photogeneration ensuing 

photon absorption in the PCBM domains. To quantitatively assess the ability of  

 

 

Figure 4. MEH-PPV-based green-sensitive photodetectors: a) device structure; b) EQE spectra 

of photodetectors featuring MEH-PPV:PCBM layers with different blending ratios (VBIAS = 0 

V); c) PL spectra of MEH-PPV:PCBM layers with different blending ratios; d) EQE spectra of 

MEH-PPV:PCBM (1:4) photodetectors at different reverse bias voltages; e) spectral 

responsivity (bottom) and specific detectivity in the shot noise limit (top) of MEH-PPV:PCBM 

(1:4) photodetectors; f) photocurrent density Jph versus optical power density Pin at λ = 528 nm 

and VBIAS = 0 V. A fit of the type 𝐽𝑝ℎ  ∝  𝑃𝑖𝑛
𝛼

 is overlaid on the measured dataset. 
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MEH-PPV:PCBM to selectively detect green photons over red photons, we quantified the EQE 

spectral rejection ratio SRREQE(500 nm, λred) = EQE(500 nm)/EQE(λred), given that λ = 500 nm 

is within the photoresponse plateau in the green spectral region and λred = 650 nm is 

representative of the red spectral range. We found that SRREQE was greater than ≅ 10 at low 

applied bias and went up to 32 at -2.5 V. Therefore, in addition to enabling efficient green-

responsive light detection, MEH-PPV:PCBM photodetectors adequately rejected photons in the 

red spectral range, as desired for color-sensing applications. 

 

The photocurrent-optical power characteristics of the MEH-PPV:PCBM photodetectors 

confirmed their robust linearity (Figure 4f). We studied their photocurrent-optical power 

dependence using a green LED source narrowly emitting around λ = 528 nm, in line with their 

intended application for green-light sensing. The measured photocurrent data followed a trend 

of the type 𝐽𝑝ℎ  ∝  𝑃𝑖𝑛
𝛼  with 𝛼 = 1.01 throughout the optical power range that could be probed 

with our apparatus, spanning four orders of magnitude. The corresponding lower limit of the 

linear dynamic range, 𝐿𝐷𝑅𝑈  =  20 log(𝐽𝑝ℎ,𝑚𝑎𝑥
(𝑚𝑒𝑎𝑠)

𝐽𝑝ℎ,𝑚𝑖𝑛
(𝑚𝑒𝑎𝑠)

⁄ ), amounted to 74 dB. We emphasize 

that this represents a lower limit on the linear dynamic range of the MEH-PPV:PCBM 

photodetectors, given that the span of the probed range was limited by the light source and 

acquisition electronics used.  

 

2.4. Solution-Based Integration of Vertically Stacked Photodetectors for Color Sensing 

To assess the viability of integrating solution-based organic photodetectors toward multi-color 

light sensing, we considered realizing a stacked device structure with blue-selective F8T2-based 

devices at the bottom and green-responsive MEH-PPV-based ones at the top (Figure 5a). We 

additionally aimed to engineer a modular device architecture that could be adapted in the future 

to the stacking of several photodetectors to cover more spectral bands (e.g., for multispectral 

imaging). Therefore, instead of fabricating the MEH-PPV-based devices directly atop the 

F8T2-based ones (which could not be scaled up to vertically stacked pixels with photodetector 

count > 2), we pursued the adoption of an insulating spacer between the two types of 

photodetectors as a means of allowing their independent voltage biasing and photocurrent 

readout. Specifically, we considered solution-processed poly(methyl methacrylate) (PMMA) to 

realize such a spacer (Figure 5a). Alongside the low cost and wide availability of PMMA, this 

choice was motivated by the excellent insulating and film-forming properties of PMMA, as 

confirmed by its use as gate dielectric in high-performance thin-film transistors.[62,63] Moreover, 

PMMA could potentially address the processing challenge associated with the realization of a 
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multi-level vertically stacked photodetector architecture (Section 1). Indeed, PMMA can be 

generally processed from solvents that are orthogonal to a wide range of polymer 

semiconductors[64,65] and its high-molecular-weight embodiments have good resistance to 

organic solvents commonly used for the solution-based processing of organic semiconductors.  

 

As we assessed the viability of using a PMMA layer as a spacer (see the device architecture in 

Figure 5a), we found that, if we adopted the same deposition procedures for the different 

solution-processed layers that we had optimized for standalone photodetectors, we could not 

obtain working MEH-PPV-based photodetectors in the stacked device configuration. 

Specifically, by visual inspection, we found that cracks were formed in the MEH-PPV:PCBM 

layer, which eventually prevented us from acquiring meaningful photodetector data from such 

devices. However, we found that we could overcome this issue if we subjected the samples to 

oxygen plasma before and after spin-coating the PMMA spacer (see Figure 5a for the overall 

device architecture), thus obtaining functional devices (see discussion below). Given that 

oxygen plasma treatments are known to enhance the hydrophilicity of polymer layers,[66] this 

finding points to the important role of interfacial properties for the solution-based monolithic 

stacking of photodetectors based on organic layers. 

 

In light of the device architecture challenge associated with photodetector stacking (Section 1), 

an additional design choice we faced concerns the electrode materials. In a stacked 

photodetector architecture, all photodetector electrodes except the topmost one should have 

large transmittance within the target spectral regions of the overlying photodetectors. To this 

end, we considered adopting ultrathin, semitransparent metal electrodes for the cathode of the 

F8T2-based photodetectors and anode of the MEH-PPV-based photodetectors (Figure 5a). This 

choice was prompted by the facile deposition of metal thin films within an academic laboratory, 

consistent with the aim of our study to provide a proof-of-principle demonstration of 

monolithically stacked solution-based organic photodetectors. Nonetheless, we envisage that 

solution-processed semi-transparent electrodes—which are being intensively investigated by 

the printable optoelectronics community[67–69]—will provide a valuable opportunity for the 

future scaling up of our approach. 

 

To realize ultrathin, semi-transparent cathodes for the F8T2:PCBM devices in the photodetector 

stack, we adopted a configuration based on an Al | Au bilayer. We conjectured that an ultrathin 

aluminum layer atop the F8T2:PCBM film would preserve the efficient electron extraction 
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achieved with the thick aluminum cathode employed in the standalone F8T2:PCBM devices 

(Section 2.2). Further, we considered capping the ultrathin Al layer with an ultrathin Au layer 

as a means of mitigating the oxidation of the former[70,71] while enhancing the conductivity of 

the overall cathode. We tested the viability and effectiveness of this approach on reference 

devices. We firstly varied the thickness of the aluminum layer for a fixed 20-nm-thick Au 

capping layer, finding that a 5-nm-thick Al layer was sufficient to deliver optimum EQE (Figure 

S2). Subsequently, we set the thickness of the Al layer and investigated the impact of different 

thicknesses of the Au layer atop. While 3-nm-thick Au atop 5-nm-thick Al delivered reference 

devices with particularly low EQE (Figure S2), it was found that an Al (5 nm) | Au (5 nm) 

cathode gave F8T2:PCBM devices with comparable EQE as the standalone devices with at 80-

nm-thick Al cathode (see below). Moreover, we assessed the transmittance of the Al (5 nm) | 

Au (5 nm) bilayer, given its impact on the overall functionality of the stacked device 

architecture. We found that the Al (5 nm) | Au (5 nm) bilayer on glass had a transmittance of 

  

 

Figure 5. a) Solution-based, monolithic integration of vertically stacked organic photodetectors. 

b) Transmittance through different portions of the device stack. c) Stacked F8T2-based 

photodetector and d) stacked MEH-PPV-based photodetector: EQE spectra at different bias 

voltages. e) Photocurrent-optical power characteristics of stacked F8T2-based and MEH-PPV-

based photodetectors. f) Responsivity (bottom) and specific detectivity in the shot noise limit 

(top) of stacked F8T2-based and MEH-PPV-based photodetectors at different bias voltages 

between 0 and 3 V in steps of 0.5 V (darker colors correspond to higher bias voltage values). 
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more than 50% in the green and red spectral regions (see the trace labeled ‘Al (5 nm) | Au (5 

nm)’ in Figure 5b), thereby being compatible with a vertically stacked device architecture. 

Furthermore, we assessed the optical effect of the Al (5 nm) | Au (5 nm) electrode by 

determining the transmittance of the ITO | PEDOT:PSS | F8T2:PCBM | Al (5 nm) | Au (5 nm) 

stack, thereby mimicking the stack that incident light would traverse before reaching the upper 

photodetector in the overall device stack depicted in Figure 5a. We found that such 

transmittance in the green and red spectral regions amounted to 36–37 % (see the trace labeled 

‘F8T2 PD’ in Figure 5b), revealing the additional aggregate effect of the transmittance of the 

ITO | PEDOT:PSS | F8T2:PCBM stack. 

 

To ensure that green photons transmitted by the F8T2:PCBM photodetectors could be harvested 

by the overlying MEH-PPV-based photodetectors, it was also necessary to develop a 

semitransparent anode for the latter. Therefore, we investigated the possibility of using ultrathin 

Au layers for this purpose—in lieu of the ITO anodes used in standalone MEH-PPV-based 

photodetectors (see Section 2.3), whose deposition via conventional sputtering methods would 

damage the underlying organic layers.[72,73] We found that working MEH-PPV-based 

photodetectors could be fabricated with Au anodes as thin as 5 nm. To assess the optical impact 

of such ultrathin anodes in the target device stack (Figure 5a), we measured the transmittance 

of the ITO | PEDOT:PSS | F8T2:PCBM | Al (5 nm) | Au (5 nm) | PMMA | Au (5 nm) stack, 

which mimics the stack that incident light needs to traverse before reaching the MEH-PPV-

based photoactive layer atop. We found that the resultant transmittance amounted to 26–27 % 

in the green and red spectral regions (see the trace labeled ‘F8T2 PD | PMMA | Au (5 nm)’ in 

Figure 5b), signifying that an appreciable fraction of the incident photons could reach the upper 

photodetector in the overall device stack shown in Figure 5a. Therefore, we concluded that the 

adopted solution would enable us to assess the viability of monolithically integrating organic 

photodetectors based on solution-processed photoactive layers alongside a solution-processed 

spacer. Nonetheless, we foresee that electrodes with greater transmittance[68,69] could be 

adopted in the future, which therefore constitutes a worthwhile goal for follow-up studies. 

 

Building on the findings above, we first realized and characterized the photodetector stack 

shown in Figure 5a, comprising MEH-PPV-based devices atop F8T2-based devices, with a 

PMMA spacer in between and ultrathin, semi-transparent electrodes.  The resultant EQE spectra 

of the F8T2:PCBM devices within the stack are shown in Figure 5c. These spectra reveal that 

the EQE follows similar trends both in wavelength and voltage as the standalone F8T2:PCBM 
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devices discussed earlier, giving a strong photoresponse in the blue spectral region and robust 

rejection of lower-energy (e.g., red and green) photons. However, closer inspection of the EQE 

spectra reveals that the peak EQE is slightly lower than that of standalone devices, but 

nonetheless up to 33.3 % at VBIAS = 3.0 V. We found that this reduction can be traced to the 

oxygen plasma treatment needed to achieve stacked monolithic integration (see Figure S3), 

likely due to the oxidative impact of the residual oxygen plasma species penetrating the 

photoactive layer during this processing step.[74,75] 

 

After integration within the stacked architecture, the solution-based MEH-PPV:PCBM devices 

exhibited pronounced spectral selectivity toward green photons, confirming the merits of this 

architecture for multicolor light sensing. This finding reflects the dissipation of blue photons in 

the underlying F8T2:PCBM layer, which allows only green and red photons to reach the upper 

photodetector. Specifically, the stacked MEH-PPV:PCBM devices deliver a peak EQE up to 

EQEp = 14.6% at λp,EQE = 540 nm for VBIAS = 3 V, with the corresponding full width at half 

maximum amounting to FWHMEQE = 53 nm. Further, the stacked photodetectors exhibited 

good spectral rejection of both blue and red light, with SRREQE(λp,EQE, 400 nm) = 19 and 

SRREQE(λp,EQE, 650 nm) = 6, respectively. Such performance parameters reveal the robustness 

of the stacked MEH-PPV:PCBM devices for green-selective light sensing.  

 

It is worth noting that the EQE spectra of the stacked MEH-PPV:PCBM devices closely 

followed the EQE of the standalone MEH-PPV:PCBM devices, once the transmission losses of 

the various layers in the stack are taken into account (Figure S4). Indeed, by multiplying the 

EQE of a standalone MEH-PPV:PCBM photodetector with the experimentally measured 

transmittance of the underlying stack (i.e., ITO | PEDOT:PSS | F8T2:PCBM | Al (5 nm) | Au 

(5 nm) | PMMA | Au (5 nm); see the trace labeled F8T2 PD | PMMA | Au (5nm) in Figure 5b), 

we obtained an expected peak EQE value of 14.5% (Figure S4), which is in remarkable 

agreement with the one experimentally measured from the stacked device (i.e., 14.6%). This 

implies that, for future improvements of the photoconversion efficiency of such stacked MEH-

PPV:PCBM photodetectors, a straightforward strategy would involve the adoption of electrodes 

with higher transmittance, which therefore encourages future efforts in this direction. 

 

The stacked F8T2:PCBM and MEH-PPV:PCBM devices delivered a linear photoresponse 

(Figure 5e). Their responsivities and specific detectivities (Figure 5f) were also comparable to  
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Figure 6. a) Photocurrent response of a stacked F8T2-based photodetector (top) and a stacked 

MEH-PPV-based photodetector (bottom) at different values of the incident optical power (see 

the legend). Corresponding b) rise and fall times and c) frequency response. 

 

the standalone counterparts (Figure 3d, 4f), apart from the narrowband character acquired by 

the MEH-PPV:PCBM devices and the EQE reduction due to the electrodes adopted. 

 

Finally, we characterized the speed of response of our stacked color-sensitive photodetectors, 

both in the time and frequency domains. Figure 6a shows the photocurrent response to 

rectangular light pulses of different optical power, while the corresponding rise and fall times 

are displayed in Figure 6b. Both types of stacked photodetectors have response times well 

below 100 μs. Specifically, F8T2-based and MEH-PPV-based devices have response times of 

8 μs and 55 μs, respectively, essentially insensitive to the incident optical power. The faster 

response of the F8T2-based devices matches their behavior in the frequency domain, where 

they deliver a 3dB frequency of 58 kHz. By contrast, the MEH-PPV-based devices give a 3dB 

frequency of 5 kHz. Overall, the response of both types of stacked photodetectors is much faster 

than typically required for color imaging,[5] confirming their potential for real-world 

applications. 

 

3. Conclusions 

Our study has demonstrated, for the first time, the solution-based monolithic integration of 

vertically stacked organic photodetectors, which has long been sought after to realize high-

performance, inexpensive color sensors beyond the limitations of conventional, filter-based 

technologies. Given the optoelectronic and processing constraints of this architecture, we first 

developed polymer-based photodetectors featuring F8T2:PCBM and MEH-PPV:PCBM active 

layers, which we optimized to achieve high photoconversion efficiency and a linear 

photoresponse in the blue and green spectral regions, respectively. To realize a modular, 
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monolithic device architecture of vertically stacked photodetectors, we additionally developed 

a solution-deposited insulating spacer made of PMMA to allow the independent biasing and 

readout of the stacked photodetectors, and semi-transparent electrodes to allow light to 

penetrate the device stack. By integrating all of these elements, we realized the first solution-

based device stack featuring two vertically stacked organic photodetectors selectively 

responding to blue and green light. Such stacked photodetectors featured responsivities in the 

region of 60–100 mA W-1 in both spectral ranges, linear dynamic ranges greater than four orders 

of magnitude, large spectral rejection ratios with respect to adjacent spectral regions, and 

response times shorter than 60 μs—hence, meeting the operational requirements for real-world 

applications. Given the modularity of our architecture and through the future deployment of 

printable semitransparent electrodes, our work illustrates the formidable opportunity provided 

by organic semiconductors to go beyond the limitations of conventional, silicon-based 

approaches to color sensing, paving the way for low-cost color imagers seamlessly covering 

multiple spectral regions with high sensitivity and resolution.  

 

4. Experimental Section 

Materials: The following chemicals were purchased and used without further purification: 

F8T2 (mass-average molar mass Mw > 20 000; Lumtec), MEH-PPV (Mw > 10 000; Lumtec), 

PCBM (> 99.5%, Lumtec), PMMA (Mw > 120,000; Sigma-Aldrich), chlorobenzene (99.8%, 

anhydrous; J&K), 1,2-dichlorobenzene (99%; Sigma-Aldrich), n-butyl acetate (99%, superdry; 

J&K), PEDOT:PSS (Clevios P VP Al 4083; Heraeus), acetone (≥99.5%, AR; YongHua), 

ethanol (AR; YongHua), aluminum (99.999%; Zhongnuoxincai, Beijing Technology Co., Ltd), 

gold (99.999%; Zhongnuoxincai, Beijing Technology Co., Ltd). ITO-coated glass substrates 

were purchased from South China Science & Technology Co., Ltd. Glass substrates were 

purchased from Guangzhou Lighting Glass Co., Ltd. 

 

Solution Preparation: Solutions of F8T2, PCBM and their blends were prepared by dissolution 

of their powders in 1,2-dichlorobenzene within a nitrogen-filled glove box. In regard to blends 

used for device fabrication, each compound was dissolved at a concentration of 40 g L−1. The 

solutions were stirred at 40 °C for more than 4 hours before mixing. Subsequently, the F8T2 

and PCBM solutions were mixed in a 1:1 ratio (by weight) and stirred overnight. Solutions of 

MEH-PPV, PCBM and their mixtures were prepared in the same environment. MEH-PPV was 

dissolved in chlorobenzene at a concentration of 10 g L−1 and PCBM at a concentration of 40 g 

L−1. Then, MEH-PPV and PCBM solutions were mixed in the following ratios: 2:1, 1:1, 1:2 
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and 1:4 (by weight). The resultant solutions were then stirred overnight. PMMA powder was 

dissolved in n-butyl acetate at a concentration of 80 g L−1 and stirred for 48 hours. 

 

Photodetector Fabrication: ITO-coated glass substrates were cleaned in an ultrasonic bath, first 

in acetone, then in ethanol, and finally in deionized water (15 min for each step). Subsequently, 

the substrates were dried in ultrapure nitrogen gas and were exposed to an oxygen plasma for 

10 min (Harrick, PDC-002). After being filtered (PTFE filter, 0.45 µm pore size), the 

PEDOT:PSS suspension was spin coated (at 5000 rpm for 40 s) on the substrates. The samples 

were then annealed on a hot plate at 100 °C for 15 min in air ambient condition.  

 

In regard to standalone F8T2:PCBM photodetectors, the mixed solution of F8T2 and PCBM 

(1:1) was spin-coated (1000 rpm for 40 s) onto the samples to obtain 160-nm-thick films, which 

were then annealed at 80 °C for 10 min. In regard to standalone MEH-PPV:PCBM 

photodetectors, the mixed solutions of MEH-PPV and PCBM were spin coated (1000 rpm for 

40 s) onto the samples. Subsequently, the samples were then annealed at 90 °C for 10 min, 

resulting in MEH-PPV:PCBM films with a thickness of 360 nm. After the deposition of the 

active layer, an 80-nm-thick Al cathode was thermally evaporated onto the samples at a pressure 

below 2·10-6 mbar through a shadow mask.  

 

In regard to the stacked photodetectors, after the F8T2:PCBM film was deposited, 5 nm Al and 

5 nm Au layers were thermally evaporated sequentially through shadow masks. After an oxygen 

plasma cycle (10 min), a 560-nm-thick PMMA film was spin-coated (2000 rpm for 40 s), 

followed by an additional oxygen plasma cycle (10 min). Subsequently, a 5-nm-thick Au anode 

was evaporated through a shadow mask. After the deposition of a 220-nm-thick MEH-

PPV:PCBM layer by spin coating, an 80-nm-thick Al layer was thermally evaporated onto the 

samples. 

 

Characterization: UV-vis absorption spectra of organic semiconductor films on quartz were 

measured with a LAMBDA 750 spectrophotometer (PerkinElmer). Steady-state 

photoluminescence spectra were measured with an FL3 fluorometer (HORIBA Scientific). The 

thickness of the organic films was measured with a step profiler (KLA-Tencor-D100). The 

roughness of the organic semiconductor films was measured using a Veeco Multimode V 

atomic force microscope (Bruker) in tapping mode. Ultraviolet photoelectron spectroscopy was 

conducted using a ThermoFisher ESCALAB Xi+ system. Dark current-voltage characteristics 
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were measured in air with a Keithley 6420 source meter. EQE spectra were measured with a 

custom-made setup comprising an Omni-λ2005i monochromator (Zolix), a power meter 

(Thorlabs, PM200), and a calibrated silicon sensor (Thorlabs, S120VC). Transient photocurrent 

and frequency measurements were conducted with a custom-made setup relying on 455 nm and 

528 nm LEDs controlled with a USB-6001 data acquisition device (National Instruments) and 

the current signal amplified by a DHPCA-100 amplifier (FEMTO). 
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Figure S1. Dark current of F8T2:PCBM (1:1) and MEH-PPV:PCBM (1:4) photodetectors, both 

in their standalone and stacked configurations. 

 

 

 

 

 

 

Figure S2. a) EQE spectra of reference organic photodetectors with different thicknesses of the 

aluminum electrode and a 5-nm-thick gold layer atop. b) EQE spectra of reference organic 

photodetectors with different thicknesses of the gold layer atop a 5-nm-thick aluminum layer. 
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Figure S3. EQE spectra of an F8T2:PCBM photodetectors a) before and b) after the O2 

plasma treatment needed for the fabrication of vertically stacked photodetectors. 

 

 

 

 

Figure S4. Comparison with the measured EQE spectrum of a stacked MEH-PPV:PCBM 

photodetector and the spectrum obtained by multiplying the EQE of a standalone MEH-

PPV:PCBM with the transmittance (T) of the stack ITO | PEDOT:PSS | F8T2:PCBM | Al (5 

nm) | Au (5 nm) | PMMA | Au (5 nm) (see the trace labeled ‘F8T2 PD | PMMA | Au (5nm)’ in 

Figure 5b, Main Text). Given the very good match between the two traces, we conclude that 

the lower EQE of the stacked MEH-PPV:PCBM devices can be traced to the transmittance of 

the specific electrode assemblies used, as opposed to the solution-based fabrication of the MEH-

PPV:PCBM  atop printable organic layers. This result points to the opportunity of integrating 

stacked organic photodetectors with higher apparent EQE through the adoption of emerging 

solutions for transparent electrodes, which hence constitute the worthwhile goal of future 

investigations. 


