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Abstract 

We demonstrate methods that allow the fabrication of the hemispherical organic 

photodiode arrays on curved concave glass substrate. They include a novel three dimensional (3D) 

shadow mask, fabricated by additive manufacturing process (stereolithography), used for the 

electrode deposition and 3D shaped PDMS stamp used for organic active layer formation. These 

techniques allowed the direct patterning of the organic photodiode devices on hemispherical 

substrates without an excessive strain or deformation. It is believed that the developed 3D mask and 

3D organic layer transfer printing process can be further utilized for fabrication of various 

optoelectronic devices which necessitate a free form factor on arbitrary substrates. 

 

 

1. Introduction 

Today, most of the current image sensors and cameras are based on flat focal plane array 

(FPA) technology, including charge coupled devices (CCDs), complementary metal oxide 

semiconductor (CMOS) imager or thin film transistors (TFTs) arrays on glass substrates [1–3].  The 

planar FPA requires complex multi-element lenses to correct the image surface; i.e., the Petzval 

surface [4]. The non-idealities of the optical system can lead to a distorted and blurred image due to 

off-axis aberrations. To correct these problems, additional optical elements and high precision lens 

system are required, which result in complex and expensive optical system. Compared to the camera 

system with the flat FPA, a curved image surface mimicking a spherical human retina provides 

numerous advantages [5]. The image system with the curved image surface can provide a wide field 
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of view (FOV), a low optical aberration, low 1/f number and less optical lens components leading to 

compact, cheaper and lighter camera system [4,6,7]. 

Over the years, the fabrication of image sensors on curved surface has long been a 

challenging task among researchers due to the difficulty of developing fabrication methods suitable 

for curved surfaces. To name a few, Ko et al. developed a hemispherical imaging system based on a 

silicon-based photodetector technology combined with interconnected mesh layout supported by 

elastomeric transfer elements [5]. Yoo et. al. reported a fabrication of hydrogenated amorphous 

silicon (a-Si:H) TFT passive pixel sensor (PPS) array on hemispherical surface using maskless laser-

write lithography (LWL) method [8]. This successful demonstration of the PPS array on hemispherical 

surface showed a potential for the fully functional image sensor if it can be fully integrated with the 

organic photodiodes (OPDs). On the other hand, Xu et al. demonstrated an OPD array on a 

hemispherical substrate by cold welding method [9]. The 11 x 13 array of bilayer OPDs based on 

thermally deposited copper phthalocyanine (CuPc) electron donor and C60 fullerene electron 

acceptor were fabricated between patterned Au anode and thin Ag cathode stripes. 

So far, very few efforts have been made to use polymer-based OPD materials such as Poly(3-

hexylthiophene-2,5-diyl) : Phenyl-C61-butyric acid methyl ester (P3HT:PCBM) over a curved surface 

because of difficulties to deposit solution-based active layers on a non-flat surface. While 

conventional spin-coating process is inadequate for a curved substrate to produce a uniform thin 

OPD active layer, alternative deposition options such as spray-coating [10] or ink-jet printing [11–13] 

could be considered. However, they are still prone to cast a non-uniform OPD layer due to fluidic 

nature of the solution before forming a solid thin film. Previously, we proposed a novel transfer 

printing method called Double Transfer Stamping (DTS) process which provides a degree of freedom 
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for on fabrication of polymer based OPDs by enabling solid film transfer from a polydimethylsiloxane 

(PDMS) stamps to an arbitrary substrate [14]. The elastomeric PDMS stamps for the DTS process can 

be not only prepared on flat substrate but also on hemispherical surface if an appropriate receiving 

substrate is fabricated.  We previously developed a customized concave glass substrate for the a-Si 

TFT PPS array fabricated on a hemispherical surface, that we used in this work for hemispherical 

PDMS stamps development [8,15]. To realize the OPD array on a hemispherical surface, we suggest a 

novel process combining the modified transfer stamping process and a stereolithography technique 

to fabricate a 3D mask for metal electrodes deposition over hemispherical surface.  

 

 

2. Curved Focal Plane Arrays for Imaging Systems 

 2.1 Human eyes and conventional camera system 

A vision system of primates such as human eyes is regarded as one of the ideal imaging 

systems due to its wide field of view (FOV), low aberration, and low f-number. Its simple one-lens 

imaging system is enabled by the curved retina, located at the back of the eyeball [16]. Compared to 

the natural imaging system, the artificial imaging system such as CMOS / CCD cameras relies on flat, 

brittle, silicon-based planar FPAs. Even though both human eyes and artificial cameras resemble in 

structures which comprise an aperture, optical elements (lenses) and a FPA, the different shapes of 

the focal plane distinguish the complexity of overall system, especially in number of lens elements. 

In modern digital cameras, due to flat shape of the FPA, multiple lens elements with a high precision 

are required to allow the image surface (Petzval surface) to be flattened so the major optical 
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aberrations such as coma, field curvature, and distortion can be suppressed [1].  This complex lens 

system became major barrier to develop light-weighted, wide FOV with free of image distortion 

imager for next-generation camera systems or artificial eyes. Therefore, it is important to develop 

novel fabrication methods for a curved imager sensor that can display better quality images using 

more compact and simpler optics. 

 

 2.2 Why a curved detector camera systems ? 

A curved image sensor such as retina has an obvious advantage that can reduce the lens 

system complexity since the edges of the focal plane are located at about the same distance from 

the lens as from the center. In contrary, the edge of the flat FPA is farther from the lens, while the 

center is located closer, which results in corner blurriness [4]. To emphasize the advantage of the 

curved FPA system, we analyzed different FPAs and lens systems using optical modeling [17]. 

Total three optical systems are considered (Figure 1 (a)-(c)) and compared. The optical traces 

for three systems are produced using a ray tracing software , Zemax OpticStudio 16® which is widely 

used to design camera lens systems [17]. The images are simulated by employing the Image 

Simulation feature of the software which visualizes geometric aberrations of the modeled optical 

system which considers lens properties, object radiance, geometric distortion and spatially-variant 

point spread functions (PSFs) at various wavelengths. The obtained simulation results are shown as 

image (I)-(III) which are generated from system (a)-(c), respectively. System (a) is Cooke triplet lens 

system, which is a typical three-lens system used for low-end cameras [18]. System (b) consists of a 

convex lens (r = 18 mm) and a planar FPA with a 10 mm diameter. System (c) has same convex lens 
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as System (a) but uses a hemispherical FPA with radius-of-curvature of r = 10 mm. The glass 

substrate is used as lens material (refractive index n = 1.5168) for all the systems. The excited 

wavelength for all the systems was λ = 546 nm. 

 As shown in the figure, system (b) with single lens and flat FPA produces an image (II) with 

the blurred boundaries and barrel distortion. On the other hand, system (a) and (c) can address the 

problem of system (b) and can generate images with a good quality and with the suppressed 

geometric aberration. However, a curved focal plane of system (c) represents a significant 

improvement in comparison with the system (a) in terms of simplicity of the lens system. The 

performance of the optical imaging systems can be characterized by the modulation transfer 

function (MTF), which is a metric of the optical system ability to transfer contrast from the target 

object to the image plane at a specific resolution [19]. The obtained MTF for each system is shown in 

Figure 1 (i)-(iii). The different colors of solid lines represent the angles of the tangential incident light 

rays (black : 0˚, green : 13.5˚ and blue : 19.1˚ ) while the dashed lines represent sagittal incident light 

rays. We note that system (a) shows inferior MTF performance compared to system (b) and (c) ; 

especially the off-axis performance  significantly drops to minimum at about 30 cycles/mm of the 

sampling frequency. System (c) shows overall better MTF performance than system (b) while the on-

axis performance of system (b) is slightly better than that of system (c) at high sampling frequency. 

System (c) retained above 50% of the off-axis modulation up to 19.1˚ at 70 cycles/mm which 

corresponds to optical resolution of 7.1 µm. 

From this simple analysis, it is obvious that employing a curved focal plane can significantly 

reduce the number of lens components required to minimize the optical aberrations, and at the 

same time we can increase the overall performance of the imaging system. 
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 2.3 Challenges to fabricate the curved focal plane array 

Despite of many advantages of the hemispherical detector geometry, the realization of this 

type of curved detector has suffered from extremely challenging fabrication methods compared to 

well-established process for planar silicon-based FPAs, which comprises conventional 

photolithographic patterning thin-film deposition, etching and growth techniques. The fabrication 

routes for the curved FPA can be largely categorized into two methods. The first one is patterning 

the circuit on flat substrate, followed by deforming the substrate into desired curved shape [4,20–22]. 

This method can use the mature semiconductor patterning techniques for silicon wafer before the 

substrate deformation. However, due to the brittle nature of the conventional substrates such as 

silicon or glass, the strain that can be introduced during the substrate deformation can cause 

permanent damage and / or modify to the devices and circuits performance. 

 Alternatively, the detector circuits can be directly patterned on the prepared curved 

substrate by such method as adhesive assisted transfer or cold welding [5,9,23–25]. This method 

introduces no deformation-induced strain, and allows more freedom in the surface geometry. 

However, it requires special, unconventional patterning techniques (e.g. radial stretching of PDMS 

stamp [5]) to fabricate reliable devices on the curved substrates, which can be potentially quite 

complicated and difficult to implement. Even though various techniques to fabricate patterned 

detector arrays on curved surfaces have been reported, very few works have been done to fabricate 

fully functional detector arrays on the curved substrates [5]. Hence, it is important to investigate new 

pathways to fabricate photodetector arrays on hemispherical surface. 
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3. Fabrication Methods Developed for Curved Focal Plane Arrays 

To realize the FPA array on curved substrate, it is crucial to develop reliable methods to 

pattern metal electrodes and active layers on the non-flat surface. We propose two novel patterning 

methods to enable the direct fabrication of metal electrodes and organic active layers on 

hemispherical substrates. For the electrode deposition, a stereolithgraphy technique used to 

fabricate the 3D mask is employed [26–28]. The fabricated 3D shadow mask can be conformally 

attached to the curved surface for the metal electrode patterning process. The organic active layer 

on the hemispherical surface also requires non-conventional deposition technique other than typical 

spin-coating process. Here, we adapt modified transfer stamping process previously developed to 3D 

shaped PDMS stamp. 

 

 3.1. Stereolithography for 3D Mask Fabrication 

The 3D shadow mask model was designed based on the dimension information of the 

hemispherical substrate shown in Figure 2 (a).  The glass substrate is fully customized by a 

manufacturer to have FOV = 120˚ [8,15]. The prototype 3D shadow mask were modelled by SolidWorks 

2016® (Dassault System, USA) CAD software to have total five uniformly distributed arrays ( aperture 

= 1 mm, pitch = 1 mm) to fabricate 5 x 5 array. The Solidworks file (.SLDPRT) was converted to .STL 

format to be compatible with 3D printer's software package. The modeled 3D shadow mask is shown 

in Figure 3(a). 
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Projet 3500 HDMax (3D Systems, USA) high definition 3D printer (Figure 2 (b)) was used for 

the 3D shadow mask fabrication with 25 μm x-y and 16 μm layer thickness deposition resolution. 

The imported 3D CAD model of the 3D shadow mask was embedded into the ProJet built-in software 

with "Ultra High Definition" mode to yield the highest resolution. The Projet 3D printer is based on 

multijet printing method (MJP method) [29]. The MJP process technology employs UV bulbs and 

photo-polymer materials with the piezo-printhead technology to deposit the photocurable plastic 

resin. The print heads have several piezoelectric nozzle rows arranged in a line. Each layer is exposed 

to UV for curing for immediate solidification, and the surface is milled to hold tolerance. This process 

is repeated until fabrication completion. Therefore, they are essentially stereolithography systems 

[26,30]. 

 For the 3D mask fabrication, VisiJet M3-X (ABS like) resin (3D Systems) with VisiJet S300 

Support Wax was used as per manufacturer standard operating protocol (SOP) [31]. The printed 

substance required several post-processing steps to remove the Support Wax to complete the 

process : (i) oven treatment at 70 ˚C for 30 min; (ii) ultrasonic cleaning in a canola oil at 50 ˚C 

combined with flushing devices with a warm canola oil (55 ˚C) for up to 5 minutes; (iii) washing with 

Decon90 detergent for 5 minutes to flush out oil and remaining wax. 

Figure 3(b) shows a prototype shadow mask fabricated by a 3D printer. The thickness of the 

3D mask was 1 mm to sustain the shape of the printed model. The thinner 3D printed shadow mask 

suffered from deformation due to soft material properties. The printed 3D shadow mask is used for 

both top and bottom electrodes deposition with 90˚ vertical overlap to yield total 5x5 arrays. Finer 

and more precise pattern can be designed and fabricated for smaller pixel array fabrication. The 

prototype bottom electrode (Au 100 nm) on the hemispherical substrate deposited using the 
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fabricated 3D shadow mask is shown in Figure 3(c). 

 

 

 3.2. Preparation of elastomeric 3D PDMS stamp 

The elastomeric 3D PDMS stamps were prepared by mixing the Sylgard 184 silicone 

elastomer (Dow Corning) and a curing agent in clean room (53 % relative humidity, 22 ˚C 

temperature) environment [32]. The two components were mixed homogenerously for 20 minutes 

and degassed in vacuum chamber at the pressure of ~ 0.4 psi overnight before being poured onto 

targeted hemispherical substrate. The concave glass substrate itself is utilized as the mold for the 3D 

PDMS stamp. The curved glass substrate was placed at the center of a plastic weighing boat and the 

mixed PDMS solution was poured on the substrate to fully immerse the curved substrate. The PDMS 

solution was cured at room temperature for three days. The cured 3D PDMS stamps were gently 

peeled off from the substrate then cut into appropriate form for the stamping (Figure 4(a)). The 

thickness of the PDMS stamps boundary were typically ~5 mm. The 3D PDMS stamps were attached 

to backing glass wafers for a conformal transfer process. For the active layer deposition, the 

modified transfer stamping process was performed by squeezing the active layer solution between a 

3D PDMS stamp and the hemispherical substrate. By adapting the modified transfer stamping 

process, first we successfully demonstrated a uniform deposition of the P3HT:PCBM BHJ film on 

hemispherical surface. Next, this technique is used for the hemispherical OPD fabrication. Figure 4 

(b) shows the uniformly printed P3HT:PCBM solution using the fabricated 3D PDMS stamp. 
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4. Fabrication of Hemispherical Focal Plane Arrays 

For the fabrication of the hemispherical FPA, we adapt the 3D shadow mask and 3D PDMS 

stamp described in previous sections. We demonstrate 5 x 5 passive pixel array with 1 mm2 feature 

size, in which the active layer is perpendicularly sandwiched between bottom Al cathode and top 

Dielectric / Metal / Dielectric (DMD) anode stripes. The advantage of DMD structure were described 

previously [33]. The hemispherical glass substrates were cleaned by acetone, isopropyl alcohol, and 

deionized water, and treated by O2 plasma (80 sccm, 160 mT, 300 W) for one minute subsequently. 

The prepared 3D shadow mask was attached on the curved substrate and placed inside a thermal 

evaporator for bottom electrode deposition. The 80 nm thick aluminum layer was thermally 

evaporated through the shadow mask with 1 Å/s deposition rate (Figure 5(a)). The PEIE solution was 

prepared by dissolving 5 wt% of PEIE (Sigma Aldrich) in 2-methoxyethanol (2ME, Sigma Aldrich) 

solvent in ambient atmosphere. The PEIE solution was spray-coated on top of the Al patterned 

curved substrate to uniformly deposit < 10 nm of PEIE dipole layer and annealed at 100 ˚C for 10 

minutes in air. The substrates were transferred into a glove box with nitrogen atmosphere for 

deposition of photoactive layer. The 20 mg of P3HT (Rieke Metals) and 20 mg of PCBM (American 

Dye Source, Purity: >99.5%) were mixed into 1mL of chlorobenzene (CB) and stirred by magnetic bar 

overnight to produce the BHJ  solution that was filtered by 0.45 μm syringe filter subsequently. Next 

the BHJ solution was drop-casted on the curved substrate followed by quick squeeze with the 3D 

shaped PDMS stamp to form a uniform BHJ film on the curved substrate. Once the BHJ film 

formation is completed the BHJ active layer is thermally annealed with temperature of 150 ˚C for 20 

minutes (Figure 5(b)). The final thickness of the BHJ active layer was measured by Dektek 

profilometer yielding 250 ± 20 nm. The BHJ layer formed substrates with the 3D shadow mask were 
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transferred into thermal evaporator on it to deposit 5 nm MoO3, 15 nm Ag and 35 nm MoO3 

subsequently to form the transparent top anode. In this work, the transparent Ag metal layer 

needed to be thicker than the optimized DMD electrode [33] to prevent the opens of the metal lines 

over the outside edge of the hemispherical dome. To finish the device fabrication, the devices were 

encapsulated with a thin slide glass sealed by UV curable epoxy resin to finish the device fabrication 

(Figure 5(c)).  An individual square shape device size was (0.1 x 0.1) cm2 with total of 5 x 5 array. The 

picture of completed hemispherical OPD device is shown in Figure 6(a) ; the bias polarity applied to 

electrodes is shown in Figures 6(b). 

 

5. Result and Discussion 

The optoelectronic properties of the fabricated hemispherical OPD were measured and 

analyzed. One of the most important properties of the OPD is the leakage current under reverse bias 

condition. The device current density - voltage (J-V) characteristic shown in Figure 7 will allow the 

determination of such dark leakage current. The irradiance of the illuminated light from the top was 

1.63 mW/cm2 at 546 nm wavelength. The J-V characteristics of the hemispherical OPD under 

illumination and dark conditions were measured by HP2416A semiconductor measurement system 

with a probe station in a dark Faraday cage. The probe contacts were made on the flat periphery 

region of the electrodes outside the hemispherical dome.  The dark current density at 1.5 V reverse 

bias of the OPD was Jd = 994 ± 0.6 nA/cm2, which was a half order lower than previously reported 

OPD with equivalent active layer thickness [33]. Another important OPD property is the external 

quantum efficiency (EQE) of the hemispherical OPD was 17 ± 3 % for λ = 546 nm at -1.5 V, which was 

half of the EQE acquired for the 200 nm DMD OPD fabricated on flat surface. Since the shape of EQE 
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spectrum was similar to one previously reported for the flat surface [33], it is not shown. This lower 

EQE can be attributed to thicker Ag electrode (15 nm) used for the top DMD anode that can 

significantly decrease the optical transmittance of the top transparent anode. To support this claim 

we used the transfer matrix method to evaluate the light absorption by OPD. Figure 8 shows a 

simulated contour plot of the light absorption at 546nm in the active layer of the OPD as functions of 

top MoO3 and Ag layer thickness. For this simulation, we used a fixed thickness of P3HT:PCBM = 250 

nm and bottom MoO3 = 5 nm. As it is shown in the figure, while 35 nm of top MoO3 layer yields 

maximum optical transmittance, the 15 nm of Ag layer inevitably decreases absorbance in the active 

layer down to 43 % which is expected to reduce the EQE performance as experimentally observed. 

The photodetector performance was evaluated by measuring the specific detectivity D* = 

(A∆f)1/2/NEP, where A is the detector area, ∆f is the bandwidth, and NEP is the noise equivalent 

power. The NEP can be fairly approximated to NEP = (2qID)1/2/R, if we assume that the shot noise 

current associated with the dark current is dominant over the thermal noise under reverse bias, 

where ID is the dark current of the photodetector, 2qID is the shot noise power spectral density, and 

R is responsivity [34]. In this case, we obtain D* = (1.4 ± 0.3) x 1011 Jones for a 1 Hz bandwidth at 546 

nm wavelength with -1.5 V bias. The D* value obtained here is comparable with the D* of the 200 

nm DMD OPD device fabricated on flat surface [33]. 

The fabricated hemispherical OPDs showed reduced aging effect after storing for more than 

one month in air. This is more likely due to inverted top-anode OPD structure and appropriate 

encapsulation process used in this study. Since the inverted organic solar cell structures showed 

superior stability in air compared to conventional structures [35–37], we anticipate the lifetime of our 

devices can be comparable with its inorganic counterparts after proper encapsulation. Finally, we 
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found that the fabrication yield of the hemispherical OPD array under described laboratory 

conditions was ~ 10  % for sample number N > 50. The low yield is possibly due to non-uniform 

nature of the DMD transparent top anode fabricated using vertical thermal evaporation process; this 

is especially true for the transition region between hemispherical surface and flat suface of the 

substrate periphery. A modification of the vacuum evaporator is needed for more uniform thin 

metal evaporation process that could result in yield improvements through reduction of the open 

lines. 

 

6. Conclusion 

For the first time, we demonstrated a novel method to fabricate organic photodiode passive 

arrays on a hemispherical substrate with FOV = 120˚. To realize the hemispherical OPD fabrication, 

two unconventional fabrication processes were developed: 3D shadow mask fabrication by 

sterolithgraphy, and 3D PDMS stamp for transfer printing on curved substrate. These techniques 

allow direct patterning of the device electrodes without an excessive strain caused by substrate 

deformation process. We believe that the developed 3D mask and 3D organic layer transfer printing 

process can be extended to active-matrix arrays allowing the fabrication of more complex structure 

leading to imaging system such as artificial human eyes. 
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Figure 1. Three different optical systems are shown. (a) Cooke triplet, (b) flat FPA with single lens, 

and (c) hemipherical FPA ( r = 10 cm) with single lens. (I-III) show images generated by corresponding 

optical systems (a-c), respectively. (i-iii) MTFs for each system are shown. Black lines corresponds to 

on-axis (0˚), green lines for 13.5˚ and blue lines for 19.1˚ of incident angles. Both tangential (solid 
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lines) and sagittal image points (dashed lines) are shown. 

 

 

Figure 2. (a) Schematic of a hemispherical glass substrate, and (b) Projet 3500 HDMax 3D printer 

used for the fabrication of the 3D shadow mask are shown. 

 

 

Figure 3. (a) Solidworks 3D modeling of the shadow mask, (b) 3D printed plastic shadow mask, and 

(c) Bottom Au electrode (100 nm) patterned with the 3D shadow mask on the hemispherical 

substrate are shown. 
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Figure 4. (a) Fabricated 3D PDMS stamp for the active layer formation, and (b) P3HT:PCBM active 

layer printed on the hemispherical substrate are shown. 
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Figure 5. Fabrication procedure of the hemispherical organic photodiode : (a) bottom cathode 

deposition, (b) electron transporting dipole layer (PEIE) and BHJ active layer formation, and (c) top 

DMD anode formation are shown.  

 

 

Figure 6. (a) Fabricated hemispherical organic photodiode OPD on curved substrate and (b) Cross-

section of the device with polarity applied to electrodes are shown. 
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Figure 7. An example of experimental dark and under illumination current density versus voltage  

characteristics for the hemispherical OPDs are shown. The irradiance of 1.63 mW/cm2 light 

illumination with 546 nm was used. Solid symbols represent measured dark currents when open 

symbols are photo responses. 
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Figure 8. Simulated 2D absorption spectrum with varied top MoO3 and Ag layer thickness. The color 

bar on the right side represents the absorbance in P3HT:PCBM at 546 nm while the star indicate the 

chosen thickness in this work. 


