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threads according to the effective ratio of 
spiral and radial dimensions; 2) provide 
greater extensibility to better dissipate 
force under stretching; and 3) tolerate 
minor cuts of the threads while main-
taining overall strength and function of 
the entire web architecture.[4–7] Recent 
studies have demonstrated spider-web-
inspired synthetic materials for which the 
fractal web designs provide an unusual 
combination of strength and stretchiness 
while being virtually free of stress concen-
trations even with few cuts of the spiral 
threads.[8,9] Although these principles have 
profound impacts on new design variables 
for multifunctional or/and multidimen-
sional engineering, the fractal web designs 
are not well utilized in electronics yet due 
to the lack of necessary combination of 
advanced materials, mechanics designs, 
and system-level integration capabilities 
for practical application.

Optoelectronic materials and devices 
deployed across curvilinear surfaces offer 

qualitatively expanded levels of functionality enabling a large 
field of view with no aberration, which resembles the com-
pound-eye vision system of arthropods.[10–16] These 3D optoelec-
tronic architectures are particularly attractive for photodetection 
systems that require a large field of view and wide-angle antire-
flection.[14,17,18] To engineer a compound-eye-mimicking system, 

The vision system of arthropods consists of a dense array of individual 
photodetecting elements across a curvilinear surface. This compound-eye 
architecture could be a useful model for optoelectronic sensing devices that require 
a large field of view and high sensitivity to motion. Strategies that aim to mimic the 
compound-eye architecture involve integrating photodetector pixels with a curved 
microlens, but their fabrication on a curvilinear surface is challenged by the use 
of standard microfabrication processes that are traditionally designed for planar, 
rigid substrates (e.g., Si wafers). Here, a fractal web design of a hemispherical 
photodetector array that contains an organic-dye-sensitized graphene hybrid 
composite is reported to serve as an effective photoactive component with 
enhanced light-absorbing capabilities. The device is first fabricated on a planar 
Si wafer at the microscale and then transferred to transparent hemispherical 
domes with different curvatures in a deterministic manner. The unique structural 
property of the fractal web design provides protection of the device from damage 
by effectively tolerating various external loads. Comprehensive experimental and 
computational studies reveal the essential design features and optoelectronic 
properties of the device, followed by the evaluation of its utility in the measurement 
of both the direction and intensity of incident light.

The structural architecture of spider webs found in nature 
inspires the development of next-generation materials that 
are capable of efficiently resisting various mechanical loads 
from environments.[1–3] The fractal web designs that exhibit a 
repeating pattern on all scale (self-similar) provide unique capa-
bilities to: 1) distribute externally induced stress throughout the 
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the most promising procedures involve direct printing of  
photosensitive pixels on curved or hemispherical surfaces in 
a carefully-aligned manner.[19,20] These efforts pave the way 
for realizing various 3D forms of photodetectors, but pro-
gress in this area is impeded by the complexity of assembling 
high-performance optoelectronic devices and components 
onto non-planar surfaces at the microscale and matching the 
shape of photodetector array with the fixed curvature. Besides, 
these approaches primarily use Si-based photodetectors, while 
leaving opportunities to explore zero-bandgap materials, such 
as graphene, for a faster and wider range of spectral responses.

Graphene, due to its superior carrier mobility and atomi-
cally thin nature, provides unmatched optoelectronic properties 
that offer constant optical absorption coefficient from visible to 
infrared wavelengths.[21,22] In addition, the excellent mechanical 
flexibility of graphene warrants its implementation into com-
plex 3D architectures such as controllably-buckled or crumpled 
thin films, springs, and hinges.[23–26] However, the photosen-
sitivity of graphene is limited by the atomically thin body that 
allows absorbing light only as low as 2.3% over a wide spectral 
range.[27] This material limitation impedes its practical applica-
tion in photodetector systems.

Here, we explore the use of a spider-web-inspired fractal 
design in the development of a hemispherical photodetector 
array using an organic-dye-sensitized graphene hybrid com-
posite, with a focused application in high-performance 3D 
photodetection. Specifically, the hybrid composite material is 
composed of chemical vapor deposition (CVD)-grown graphene 
and water-soluble organic cation dyes, which offers enhanced 
optical light absorption along with desired mechanical flex-
ibility and optoelectronic performances.[28] The fabrication of 
the photodetector array occurs on a planar Si wafer using tra-
ditional microfabrication methods, followed by their determin-
istic assembly with various sizes of transparent hemispherical 
domes through a wet transfer printing technique.[29] The overall 
device layout is shaped into a form that mimics a planar orb 
web of garden spiders (e.g., Araneus diadematus) for which it 
effectively adopts the mechanical mismatch during its integra-
tion across the hemispherical surface.[30,31] We conducted com-
prehensive experimental and computational studies to reveal 
the underlying mechanical and optoelectrical properties of the 
hemispherical photodetector array, followed by system-level 
demonstration to evaluate its performance on simultaneous 
detection of both direction and intensity of incident light.
Figure  1a provides a schematic illustration of the assembly 

process for a hemispherical photodetector array. The fabrication 
began with a Si wafer coated with thin films of Ni (100 nm-thick) 
and polyimide (PI, 3  µm-thick) to serve as a separation and a 
supporting layer, respectively. The fabrication of the photo-
detector array was then completed through sequential deposi-
tion and patterning of an epoxy-based negative photo resist (e.g., 
SU-8), Pyronin B (PyB)-doped graphene sheet, dielectric layer 
(e.g., Al2O3), and metal electrodes (e.g., Pd and Au) on top of 
the PI layer (Figure  1a, left). Here, the mole concentration of 
PyB was adjusted within a range from 1 × 10−6 m to 1 × 10−3 m 
in water to form strong π–π interactions with graphene and 
thereby enhance optical light absorptions (Figure S1, Supporting 
Information).[31] Next, the surface of the radial threads was 
selectively capped with a transparent silicone elastomer such 

as poly(dimethylsiloxane) (PDMS). The entire structure was  
then immersed in distilled (DI) water at room temperature and 
gently peeled from the Si wafer using a thermal release tape 
(Nitto Denko), which resulted in a clean separation of the Ni 
interlayer from the Si wafer (Figure  1a, middle). This interfa-
cial debonding in water is attributed to the coupling of elasto-
plastic deformation of adherent thin films and electrostatic 
reactions with water molecules at the debonding interface.[32,33] 
Finally, the thermal release tape was removed by applying heat 
at 80 °C for 3 min, followed by transferring the resulting device 
architecture onto a transparent hemispherical dome that was 
molded with PDMS (Figure 1a, right). Details of the entire fab-
rication procedures are schematically illustrated in Figure S2 
(Supporting Information).

Figure  1b shows a representative photograph of the photo-
detector array that was placed on a transparent hemispherical 
dome (PDMS) with a base diameter of 15  mm. The fractal 
web design allowed its nearly seamless integration across the 
hemispherical surface while a few wrinkles were formed on 
the edge in order to adopt the difference in overall size. The 
mechanical robustness of the device allowed it to be detached 
and attached from/to various sizes of transparent hemispher-
ical domes with a base diameter ranging from 15 to 31  mm 
without generating damages (Figure S3, Supporting Informa-
tion). Figure  1c schematically illustrates the overall structural 
layout of the fractal web design that contains a total of 48-pixel 
photodetectors at the cross-junctions of the spiral and radial 
threads. The detailed drawing of their arrangement is shown 
in Figure S4 (Supporting Information). The inset presents the 
cross-sectional side view of a single pixel, displaying the con-
stituent materials with their thicknesses and functions. More 
detailed geometric information and the equivalent circuit dia-
gram of the single-pixel photodetector are shown in Figure S5 
(Supporting Information). Figure  1d,e provides a microscopy 
image and an enlarged schematic to highlight the single-pixel 
photodetector and the serpentine traces of Au interconnects, 
respectively. Both the photodetectors and Au interconnects were 
positioned along the radial threads wherein the relatively thick 
PDMS capping layer (≈57  µm-thick; Figure S6, Supporting 
Information) provides mechanical protection, allowing them 
to experience little strains of < 4% under stretching (Figure 1f). 
This configuration also allows externally induced forces to be 
selectively distributed along the spiral and radial threads with 
the ratio of ≈7 to 1, while maintaining its overall strength and 
function even with minor cuts of the spiral threads (Figure S7, 
Supporting Information).

The experimental and finite element analysis (FEA) results in 
Figure S8a (Supporting Information) show the nonlinear stress-
strain relationships of the radial threads under stretching prior 
to fracture at the stress of 150 MPa. The radial threads show a 
nearly viscoelastic behavior such that they resist strains at the 
beginning of stretching but then have nearly linear stress-strain 
relationships thereafter. Here, the initial nonlinearity appears 
mainly because of the viscoelastic property of the PI layer in 
combination with materials of relatively high Young’s mod-
ulus (E) such as Al2O3 (E = 300 GPa), graphene (E = 1.02 TPa),  
and metal thin films (E  > 60  GPa) that enhance mechanical 
robustness.[34,35] Figure S8b (Supporting Information) presents 
the maximum strain tolerance of these materials by  comparison 
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with the PI layer when placed on hemispherical PDMS domes 
with a base diameter ranging from 15 to 31  mm under the 
stress of 15  MPa. The maximum strain of these materials 
decreases negligibly with the increased base diameter while the 
PI layer adopts more strains during their integration because 

of its substantially lower mechanical modulus than rest of the 
material layers.
Figure  2a,b presents the transfer and output curves of a 

single-pixel photodetector placed on a flat surface, respectively. 
The results show a typical p-type semiconductor behavior due 

Figure 1. Fabrication method and device layout. a) Schematic illustration of the assembly process for the hemispherical photodetector array. 
b) Photograph of the device placed on a transparent hemispherical dome (PDMS) with a base diameter of 15 mm. c) Schematic illustration of the 
structural layout of the fractal web design. The inset shows the cross-sectional side view of the single-pixel photodetector. d) Microscopy image of the 
single-pixel photodetector. e) Enlarged schematic illustrations of the single-pixel photodetector (left) and the serpentine traces of Au interconnects 
(right). f) FEA results of the single radial thread under stretching.
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to the presence of oxygen under ambient conditions.[31] The 
charge carrier mobility (µ) and the subthreshold swing (S) were 
extracted using the following Equations (1) and (2)

dI

dV

L

WC V
µ =







DS

GS ox DS

 (1)

S
dV

d I
=

(log )
GS

10 DS

 (2)

where IDS and VGS are source-drain current and source-gate 
voltage, respectively; dIDS/dVGS is the transconductance (gm) of 
the transfer characteristic; L and W are the length and width of 
the channel, respectively; and Cox is the dielectric capacitance. 

Figure 2. Electrical and optoelectrical characterizations. a,b) Experimental and FEA results of the transfer and output curves of the photodetector when 
placed on a flat surface, respectively. c) Experimental and FEA results of the corresponding transfer curves as a function of the light wavelength ranging 
from 440 to 700 nm. d) Plot of R versus VGS. e) Measured absorption spectrum of PyB (black line) and the corresponding photocurrent (blue dots) as 
a function of the light wavelength ranging from 440 to 700 nm. f) Experimental and FEA results of the corresponding transfer curves as a function of 
the doping concentration of PyB ranging from 1 × 10−6 m to 1 × 10−3 m. g) Dynamic photoresponsiveness of the photodetector. h) Extracted rising and 
decay time of the photodetector from (g).
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The transfer curves shown in Figure S9 (Supporting Informa-
tion) indicate that the IDS of the photodetector was decreased 
after the doping of PyB due to the energy transfer caused by 
strong π–π interactions at the interface.[36] Figure 2c shows the 
corresponding transfer curves under the ambient conditions 
with a light wavelength ranging from 440 to 700 nm. The rel-
atively low operation voltage (from −10 to +10  V) is attributed 
to the high k of the atomic layer deposition (ALD)-deposited 
Al2O3. The drain currents (at VGS = 0.1 V) depends on the light 
wavelength. The ratio (P) of photocurrent (Iphoto) to dark cur-
rent (Idark) and the photoresponsivity (R), which are the key 
parameters of the photodetector, were calculated using the fol-
lowing Equations (3), (4), and (5)

I I Iphoto light dark= −  (3)

P
I

I
photo

dark

=  (4)

R
I I

P A
=

−light dark

inc channel

 (5)

where Ilight and Idark are the drain current under illumination 
and in dark, respectively; Pinc is the intensity of incident light; 
and Achannel is the channel area. The plot of R versus VGS is 
shown in Figure  2d. The photodetector showed substantially 
high photoresponsivity of >4000 A W−1, which is mainly 
attributed to the high charge carrier mobility of the graphene 
(≈1602  ± 10 cm2 V−1 s−1).[22] Figure  2e presents the absorp-
tion spectrum of the PyB (black line) and the corresponding  
photocurrent (blue dots) with respect to light wavelength 
ranging from 440 to 700 nm. The results clearly show that the 
photoresponse was followed well by the absorption spectrum 
due to the photocatalytic effect of the PyB which is visible-
light-driven photoredox transformations.[37] It is also noted 
that these organic-dye-sensitized graphene hybrid composites 
provide high hole current due to the effective gating behavior 
of the accumulated photoexcited electrons at the interface 
where the strong π–π interactions occur.[38] As expected, the 
drain current (IDS) was increased with an increased mole con-
centration of the PyB from 1 × 10−6 m to 1 × 10−3 m (Figure 2f). 
Figure  2g,h confirms that the photodetectors are capable of 
providing repeatable and stable operation upon switching 
on (τrise  = 0.17 s) and off (τdecay  = 0.32 s) under light illumina-
tion (λ  = 533  nm; light intensity = 14 W m−2). Throughout 
these characterizations, the experimental and computational 
results were in a good match. Importantly, the photocurrent of 
the device remained nearly unchanged at 653–666 µA with the 
applied VGS of −5 V under light illumination (λ = 533 nm; light 
intensity = 7.9 × 10−2 W m−2) when interfaced with various 
hemispherical domes with a base diameter ranging from  
15 to 31  mm (Figure S10, Supporting Information). These 
results also confirm that the fractal web design can effectively 
accommodate mechanical deformations during its integration 
across the hemispherical surface in a manner that allows the 
device to experience little strains. Table S1 (Supporting Infor-
mation) summarizes the key optoelectronic properties of the 
photodetector compared to those of other similar representa-
tives reported to date.[28,39–42]

Figure  3a shows a measurement setup for the hemispher-
ical photodetector array. This setup contains a parameter ana-
lyzer (Keithley 4200A-SCS), optical fibers (Single-Mode Optical 
Fiber Jumper Code, Duplex), light sources, a stencil shadow 
mask, and an optical microscope. During the measurement, 
the device was placed on a flat surface while the direction of 
incident light was adjusted using the optical fibers at the fixed 
wavelength and light intensity of 533 nm and 7.9 × 10−2 W m−2, 
respectively. A stencil shadow mask with a pre-defined pattern, 
such as a letter of “P” (Figure 3b), was used to define the shape 
of the illuminated area. Figure 3c–f shows the results of photo-
current mapping for representative cases at the applied VGS of 
−5 V using different stencil shadow masks with the patterns of 
“P,” cross, triangle, and heart symbol, respectively. The average 
photocurrent and dark current over the illuminated area were 
669.1 ± 4.6 µA and 96.05 ± 3.5 µA, respectively. It is noted that 
the relatively high dark current typically occurs due to the zero-
bandgap nature of graphene.[43] These results were consistent 
with those obtained from a control photodetector array that was 
fabricated directly on a Si wafer using conventional microfab-
rication processes (Figure S11, Supporting Information). The 
spatial resolution of the photodetector array can be further 
improved by increasing the number of spiral or/and radial 
threads while maintain the overall size of the device. Figure S12 
(Supporting Information) schematically illustrates the relation-
ship between the number of threads and the spatial resolution 
(in turn, the total number of photodetector pixels).

The hemispherical photodetector array is optically semi-
transparent (≈93% at 533  nm) due to the thin thickness 
(1.5 µm-thick) and wide-open meshes of the fractal web design 
where light can pass through. Consequently, the device pro-
duces two sensing locations at the entry and exit sites with an 
incident light, enabling simultaneous detection of its direction 
and intensity. Figure  4a schematically illustrates the arrange-
ment of a laser beam source for the device placed on a trans-
parent hemispherical dome (base diameter = 23 mm). Both the 
azimuthal angle in the x–y plane and the polar angle between 
the x–y plane and z-direction were fixed at 45° with the distance 
to the laser beam source (533 nm; 1.4 × 101 W m−2) of 35 cm. 
Figure  4b shows a representative photograph (left column) 
and photocurrent mapping results (right column) when the 
whole area of the device was illuminated. A total of 48-pixel 
photodetectors responded without failure where the average 
photocurrent and dark current over the illuminated area were 
591.1  ± 5.5 µA and 120.4  ± 9.4 µA, respectively. The photore-
sponsiveness was stronger on the illuminated side than on the 
other side due simply to partial reflection and absorption of 
light by the device. Figure 4c,d shows the corresponding results 
by focusing the laser beam onto a specific area of the device 
with the spot size of approximately 10 and 3 mm in diameter, 
respectively. The results show that the degree of accuracy in 
determining the position of the laser beam was increased with 
a decreased spot size. The maximum photocurrents for both 
cases were about 600 µA, which were increased higher than 
1200 µA at the center of the illuminated area when the light 
intensity was increased to 5.0 × 101 W m−2 (Figure S13, Sup-
porting Information).

This work demonstrates the system-level integration of 
a fractal web design with a hemispherical photodetector 
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Figure 3. 2D photocurrent mapping. a) Schematic illustration of the measurement setup. b) Photograph of the measurement specimen with a stencil 
shadow mask with a pre-defined pattern such as a letter “P.” c–f) Results of the 2D photocurrent mapping using stencil shadow masks of different 
patterns such as “P,” cross, triangle, and heart symbol, respectively.
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Figure 4. 3D photocurrent mapping. a) Schematic illustration of the measurement setup. b) Representative photograph (left column) and photocurrent 
mapping results (right column) when the whole area of the device was illuminated. c,d) The corresponding results by focusing the laser beam onto a 
specific spot of the device with the spot size of approximately 10 and 3 mm in diameter, respectively.
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array that incorporates an organic-dye-sensitized graphene, 
thereby offering several important features, including 1) the 
desired structural robustness with high threshold strains to 
avoid damage during its integration across various hemi-
spherical surfaces; 2) the advanced optoelectronic function-
ality in detecting both direction and intensity of incident light; 
and 3) the mechanical resilience to arguably large stress (up 
to 150 MPa) that allows the device to be attached and detached 
to/from planar or non-planar surfaces in a repetitive manner. 
In addition, the use of the PyB-doped graphene shows a 
viable possibility, as a substitute of Si, for a flexible and effec-
tive photoactive component with enhanced photoresponsivity 
(>1000  A  W−1). The deterministic assembly process presented 
herein enables deploying 2D deformable functional mate-
rials in 3D device architectures, which may foreshadow new 
opportunities to better advance the field of 3D electronic and 
optoelectronic devices.

Experimental Section
A detailed description of procedures and characterization methods are 
available in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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