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1 Introduction

ABSTRACT

The development of flexible photodetectors has received great attention for
future optoelectronic applications including flexible image sensors, biomedical
imaging, and smart, wearable systems. Previously, omnidirectional photodetectors
were only achievable by integration of a hemispherical microlens assembly
on multiple photodetectors. Herein, a hierarchical photodiode design of ZnO
nanowires (NWs) on honeycomb-structured Si (H-5i) membranes is demonstrated
to exhibit excellent omnidirectional light-absorption ability and thus maintain
high photocurrents over broad spectral ranges (365 to 1,100 nm) for wide incident
angles (0° to 70°), which enabled broadband omnidirectional light detection
in flexible photodetectors. Furthermore, the stress-relieving honeycomb pattern
within the photodiode micromembranes provided photodetectors with excellent
mechanical flexibility (10% decrease in photocurrent at a bending radius of 3 mm)
and durability (minimal change in photocurrent over 10,000 bending cycles).
When employed in semiconductor thin films, the hierarchical NW/honeycomb
heterostructure design acts as an efficient platform for various optoelectronic
devices requiring mechanical flexibility and broadband omnidirectional light
detection.

[4-6], biomedical imaging [7, 8], and smart wearable
systems [9-11]. Significant progress has been made

Flexible photodetectors are important for future
bendable/foldable electronics for diverse applications
such as flexible image sensors [1-3], artificial retina
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in the development of flexible photodetectors based
on organic and nanostructured materials such as con-
ducting polymers [3, 12-14], quantum dots [15, 16],



nanowires (NWs) [17-19], two-dimensional (2D)
materials [14, 20-23], and inorganic nanomembranes
[24, 25]. These devices exhibit high bendability while
providing great photoresponsivity and fast sensing
performance. Broadband flexible photodetectors have
also been demonstrated [23, 26-31], the properties of
which are advantageous in applications such as charge-
coupled devices (CCDs), optical communications,
remote sensing, astronomy, and defense. However,
when flexible photodetectors are employed in curved
geometry, most of the incident light is at an oblique
angle to the photodetector surfaces, which results in
increased light reflectance, thus greatly diminishing
the performance of the photodetectors [32-34]. One
critical limitation of previous flexible photodetectors
has been the lack of omnidirectional light-detection
capability, which would provide a wide field-of-view
and thus enable precise monitoring of a moving object
using light.

The natural light-sensitive organs found in arthropods
have evolved into unique imaging systems for sensitive
and wide field-of-view light detection. For example,
the compound eyes of moths consist of hexagonally-
packed, multiple ommatidia on the hemisphere, which
enables individual imaging with a large field-of-view
[35]. Mimicking the great vision systems in nature,
the fabrication of biomimetic image sensors based
on microlens arrays omnidirectionally arranged on a
hemispherical dome has undergone great progress,
resulting in a similar wide field-of-view [4, 5, 36, 37].
However, these photodetectors require special and
complicated integration strategies for fabrication of
nonplanar sensor arrays. Apart from the use of
biomimetic microlens arrays for photodetectors, various
structural designs have been suggested for effective
omnidirectional light harvesting and achieving enhanced
photovoltaic efficiency: for example, antireflective
multilayer coatings with graded refractive index [38, 39],
antireflective nanostructure designs such as nanodomes
[40], inverted nanocones [41], nanopencils [42], and
hierarchical micro/nanostructures [43, 44]. Although
these structures have been explored for their omnidirec-
tional light-absorption properties in photovoltaic
applications, there has been no attempt to demonstrate
flexible photodetectors with omnidirectional light-
detection capabilities.

Here, we report the first demonstration of a flexible
photodetector with both omnidirectional and broad-
band light-absorption capabilities (the figure-of-merit
characteristics of recently reported photodetectors are
summarized and compared in Table 1). The device
structure is based on the bio-inspired design of
hierarchical zinc oxide (ZnO) nanowire (NW) arrays
on honeycomb-structured Si (H-Si) membranes, which
leads to ZnO NW/H-5i n-p heterojunction structures.
In this device design, the hierarchical ZnO NWs
on honeycomb structures provide enhanced light-
absorption efficiency as well as mechanical flexibility
due to the mechanically stable honeycomb structure,
which cannot be achieved with traditional crystalline
Si membranes. Furthermore, this structure provides
omnidirectional light-absorption properties without
the use of a hemispherical microlens assembly with
multiple photodetectors. The omnidirectional property
of flexible photodetectors based on ZnO NWs/H-5i
membranes provides stable light detection to furnish
a large incident angle range, which enables clear
imaging and wide-range detection of objects even
though the photodetectors are located on the curved
surface. In addition, the ZnO NWs/H-Si photodetectors
on flexible polyimide (PI) substrates show stable
photodetector performance at a bending radius of
3 mm and over 10,000 bending cycles.

2 Experimental

2.1 Fabrication
membranes

of honeycomb-structured Si

Honeycomb patterns with various sizes were formed
on a silicon-on-insulator (SOI) wafer via conventional
photolithography (MA-6, SUSS MicroTec, Germany)
with an AZ nLOF 2035 photoresist. The top Si layer
was etched by deep reactive-ion etching (DRIE, Tegal
200, TEGAL, France) with a SiO, etch-stop layer for 50 s.
The H-S5i membrane was spontaneously separated from
the mother substrate by selective wet etching with a
buffered oxide etch (BOE) solution, which comprised
a 6:1 mixture of 40% ammonium fluoride (NH,F) and
hydrofluoric acid (HF). The separated freestanding
Si membrane was rinsed with distilled (DI) water
repeatedly.
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Table 1 Comparison of results achieved in this work and previously reported omnidirectional, flexible, and broadband optoelectronics

Type of device Active layer materials Omnidirectional Flexibility Detection range
property (nm)
Solar cell [45] Si 60% decreased P,y — 300-1,100
at 60° of AOI”
Solar cell [46] PEDOT, Si 90% decreased Ppax — 400-1,100
at 60° of AOI”
Solar cell [44] Si 60% decreased Py — 300-1,100
at 60° of AOI
Solar cell [47] ZnO nanorod, Si 5.3% decreased J,° — 400-1,000
at 60° of AOI
PN junction photodiode [22] Graphene — 80% de at Dg° = 80° >780
PN junction photodiode [48] ZnO nanorod, PEDOT:PSS — Up to Dg =75° Ultraviolet
Phototransistor [23] Few-layer InSe — 50% R, at rgf=3cm 450-785
Phototransistor [49] GasS nanosheet — Up to Dg=60° 250-600
MSM# photodetector [27] CH;NH;Pbl; — No data 310-780
MSM photodetector [28] P3HT:CdSe nanowire — No data 350-850
MSM photodetector [29] PbSe, TiO,, graphene — Up to rg = 6 mm 300-2,000
Schottky diode [50] Si, graphene — — 200-1,100
Phototransistor [51] Graphene, Bi,Te; — — 400-1,550
Phototransistor [52] Few-layer black phosphorus — — Visible to 940
Phototransistor [53] Graphene — — Visible to
mid-IR
MSM photodetector [54] Graphene quantum dots — — Ultraviolet to
near-IR
MSM photodetector [55] PbS, Cq fullerite — — 400-1,350
MSM photodetector [56] Few-layer MoS, — — 380-800
MSM photodetector [57] ZnO nanowire, Si — — 350-800
PN junction photodiode ZnO nanowire, Si 30% decreased Ipc" 90% Ipc at rg=1 cm 365-1,100
(this work) at 70° of AOI

P nax: Maximum power; "AOL angle of incidence; °J.: short-circuit current density; dRp: photoresponsivity; °Dg: degree of bending
curvature; g, bending radius; *MSM: metal-semiconductor-metal, Mo photocurrent.

2.2 Hydrothermal synthesis of ZnO NWs

A 200-nm-thick uniform ZnO layer was deposited
by radio frequency (RF) sputtering under conditions
of 500 W and 10 mTorr with O, gas at a flow rate of
20 sccm (SRN-120D, SORONA, Korea), as a seed layer
to grow ZnO NWs on the fabricated H-Si substrate.
The thickness of the deposited ZnO layer was accurately
measured by using an ellipsometer (Elli-SE-UaMS8,
Elipso Technology, Korea). For hydrothermal growth
of the ZnO NWs, the growth solution was prepared
by mixing equimolar amounts (25 x 10 M) of
Zn(NO;)»xH,0 (99.9%, Sigma-Aldrich) and hexame-
thylenetetramine (HMTA) (299.0%, Sigma-Aldrich)

in DI water with dispersion by sonication. After
preheating the growth solution for 5-10 min at 90 °C in
a convection oven, the ZnO-deposited H-Si substrates
were floated on the surface of the growth solution.
The length and diameter of the ZnO NWs were varied
by controlling the growth time (Fig. S1 in the Electronic
Supplementary Material (ESM)). After the growth
step, the surface of the ZnO NWs was rinsed with DI
water.

2.3 Fabrication of heterojunction photodetector
array

Reactive-ion etching (Lab Star, TTL, Korea) followed
by photolithography was used to fabricate the arrays

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



of the H-Si membrane (20 sccm of SFg, 60 sccm of Ar,
10 mTorr, 300 W of RF power). After depositing the
ZnO layer and growing the ZnO NWs for 1 h on the
selectively patterned H-Si membrane, the ZnO NW/Si
hetero-structures were annealed at 600 °C by rapid
thermal annealing (MILA-5000, ULVAC, USA) to
improve the quality of the junction properties. Al
(100 nm) and Cr/Au (3 nm/97 nm) were selectively
deposited on the ZnO and Si regions to form an ohmic
contact by e-beam evaporation (FC-2000, Temescal,
USA).

2.4 Fabrication of flexible photodetector array

A polyimide (PI) solution was spin coated onto a
commercial PI film attached to a glass substrate.
Liquid PI was cured at 200 °C on a hot plate for 3 h. A
liquid-bridge-mediated transfer printing process was
utilized to attach freestanding H-Si membranes to
the PI substrate. The prepared freestanding H-Si
membranes were fixed on the PI substrate with few
drops of ethanol by placing them on a hot plate at
70°C; thus, the H-Si membranes became tightly
attached to the PI surface upon evaporation of the
ethanol. Here, the attractive capillary force between
the H-5i membrane and PI substrate generated by the
evaporation of ethanol induced conformal contact
and tight binding between the two substrates. The
same process was used to fabricate flexible photodetector
arrays with the H-Si/PI substrate, except for the high-
temperature rapid thermal annealing (RTA). After
depositing the contact metal by e-beam evaporation,
RTA was performed at 150 °C to form better junctions
between the metal and semiconductor.

2.5 Characterizations

The morphologies of the ZnO NWs, H-5i, and
hierarchical ZnO NW/H-Si hetero-structures were
characterized by field emission scanning electron
microscopy (FE-SEM) (5-4800, Hitachi, Japan). The
crystal structures of the ZnO layer and ZnO NWs were
characterized using a normal X-ray diffractometer
(XRD) (D8 Advance, Bruker, USA). The omnidirectional
reflection properties of flat Si, H-Si, and ZnO NW/H-Si
were verified by UV-Vis-NIR spectroscopy with a
variable angle specular reflectance accessary (Cary 5000,

Agilent, USA). Formation of the interface between the
ZnO layer and Si was confirmed by high-resolution
transmission electron microscopy (HR-TEM) (JEM-
2100F, Jeol, Japan). The TEM samples were prepared
using a dual-beam focused ion beam (FIB) (Helios
NanoLab 450, FEL, USA). The optical images of the
H-Si membrane and fabricated photodetectors were
characterized by optical microscopy (BX-53, Olympus,

Japan).
2.6 Electrical and optical measurements

The general electrical characteristics of the hetero-
junction photodiodes were measured by using the
two-probe method at room temperature (4200-SCS,
Keithley, USA). A monochromator (Cornerstone™
130 1/8 m Monochromators, Newport, USA) with a
variable slit and a Xe arc lamp (300 W) was employed
to measure the photo-induced current generated upon
illumination with various wavelengths of light. To
define the relationship between the photocurrent and
the optical power of the incident light, the optical
power of a commercial 365 nm light-emitting diode
(LED) was varied by changing the input voltage into
the LED by using a function generator (AFG3011C,
Tektronix, USA). The optical intensity of the light
source as a function of the wavelength was measured
with a calibrated optical power meter (1916-R, Newport,
USA) incorporating a Si photodetector (818-UYV,
Newport, USA) and a Ge photodetector (818-IR,
Newport, USA). The fast photoresponse time for the
photocurrent was characterized with a source-meter
(2450-SCPI, Keithley, USA). The mechanical flexibility
and durability were verified by evaluating the bending
motion of the flexible photodetector by using a bending
tester (JIBT-200, JUNIL TECH, Republic of Korea).

2.7 Optical simulation

The finite-difference time-domain (FDTD) method was
utilized to simulate the optical properties of the
different structures, including flat Si (F-5i), H-Si, ZnO
NW/E-Si, and ZnO NW/H-Si. All ZnO NWs had a
diameter of 80 nm, a pitch of 200 nm, and a length of
1 um. In the case of H-Si, the diameter was 8.7 um.
The light source was located at z = 2.5 um and was
propagated downwards. Normal incidence (0°) and
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oblique incidence (30°) situations were simulated
with periodic boundary conditions (PBCs) and Bloch
boundary conditions (BBCs), respectively. Furthermore,
the |E values obtained under 365 and 620 nm excitation
were plotted to indicate the light intensity.

3 Results and discussion

3.1 Fabrication of omnidirectional ZnO NWs/H-Si
n-p junction photodiode

Hierarchical H-Si membrane structures decorated with
ZnO NWs were fabricated for use in omnidirectional
photodetectors. Figure 1(a) illustrates the fabrication
process for the ZnO NWs/H-Si photodetectors on
Si0,/Si substrates. H-Si membranes were fabricated
by patterning and etching of commercially available
SOI substrates with a 2-um-thick p-Si top layer
(resistivity range: 1-5 Ohm-cm). For growth of the
hierarchical ZnO NW arrays on H-Si membranes, a
ZnO seed film (200 nm thick) was deposited by using
a RF magnetron sputtering system with O,, and ZnO
NWs were subsequently grown by using a hydrothermal
method [58-60]. The SEM images of the sputtered
ZnO layer and the hydrothermally grown ZnO NWs
with different growth times are presented in Figs. S1(a)
and S1(b) (in the ESM), which show the densely packed
and regular grain sizes of the ZnO crystals in the seed
layer and the vertically aligned ZnO NWs grown on
the seed layer. The length and diameter of the ZnO
NWs could be precisely controlled by controlling the
growth time (Figs. S1(c) and S1(d) in the ESM). The
ZnO NWs were uniformly grown on H-Si membranes,
resulting in hierarchical ZnO NWs/H-Si structures
(Fig. 1(b)). XRD analysis of both the ZnO seed layer
and the ZnO NWs in Fig. S1(e) (in the ESM) shows
the highest (002) plane peak and three minor peaks of
the (100), (101), and (102) planes, resulting from the
c-axis crystal growth and the hexagonal symmetry of
the wurtzite structure. The cross-sectional HR-TEM
images in Fig. S2(a) (in the ESM) confirm epitaxial
growth of the ZnO NWs on the ZnO seed films with
a well-matched (002) growth plane with a lattice
spacing of 0.26 nm. After growing the ZnO NWs on
H-Si, Al (~100 nm thickness) and Cr/Au (3 nm/97 nm)
electrodes were deposited on the ZnO NWs and H-5i
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Figure 1 Hierarchical design of H-Si decorated with ZnO NWs.
(a) Schematic illustration of the fabrication of ZnO NW/H-Si on
Si0O,/Si substrate. (b) Tilted SEM image of ZnO NWs on H-Si
structure (diameter: 8.7 um). (c) Tilted SEM image of ZnO NW/
H-Si photodiode. (d) I~V curve for ZnO NW/H-Si photodiode in
dark state (without illumination). Inset shows a log current-linear
voltage plot (log I-V).

area, respectively, to form an ohmic contact (Fig. S3
in the ESM shows the linear I-V curves of Al-ZnO-Al
and Cr/Au-Si-Cr/Au). Here, Al deposition increased
the number of oxygen defects of the ZnO layer due to
the formation of Al,O; at the interface between Al
and ZnO [61], which improved the forward current
of the diode device due to the surface doping effects.
Figure 1(c) shows the tilted-view SEM image of the
ZnO NW/H-Si photodetector on the SiO,/Si substrate.
The Si-ZnO interface in the n-p ZnO NW/H-Si
hetero-structure was investigated by cross-sectional
HR-TEM image analysis. The results show a sharp
S5i-ZnO interface and a thin native SiO, layer (Fig. S2(b)
in the ESM) [62]. Formation of the high-quality
ZnO/Si junction in the n—p ZnO NW/H-Si heteros-
tructure was also confirmed by analyzing the current
versus voltage (I-V) plot in Fig. 1(d), which shows a
high rectification ratio of ~160 at an applied voltage
of 2 V. The current in the forward biased region
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(0.2-2 V) increased exponentially in accord with the
relation I = exp(aV). This behavior indicates charge
transport by a recombination tunneling mechanism
that is commonly observed for wide-band-gap p—n
diodes [63]. The ideality factor of 3.1 was calculated
from the slope of the low forward bias condition (red
line in Fig. 54 in the ESM) using the following equation

ov
olnl

where k is Boltzmann’s constant, T is the temperature

q

”Zﬁ 1)

in Kelvin, and g is the electron charge. The large value
for the ideality factor results from the heterojunction
comprising different band gap materials and the
formation of an interfacial oxide layer. The obtained
value is still adequate in comparison with the ideality
factors of previously studied ZnO/Si heterojunctions
(2.4, 3.18, and 3.91) [64-66].

3.2 Optoelectronic characteristics of ZnO NW/H-
Si n-p junction photodiode

Figure 2 shows the typical photoresponsive properties
of the n—-p ZnO NW/H-Si photodetectors on SiO,/Si
substrates (the transfer curves of the field-effect
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transistors based on n-type ZnO NWs and p-type
H-Si channel materials are presented in Fig. S5 (in
the ESM)). The [-V curves in Fig. 2(a) indicate that the
photocurrent generated under reverse bias increased
significantly and was dependent on the illuminating
light. Figure S7 in the ESM shows the energy band
diagram of the n-ZnO/p-Si heterojunction [67, 68].
Visible and NIR light mainly pass through the ZnO
layer and are absorbed in the depleted p-Si region,
which generates photo-induced electrons. On the other
hand, UV light is absorbed in the ZnO region and
generates photo-induced holes. Under reverse bias
conditions, the generated photo-induced minority
carriers can flow and are collected at the electrode in
response to an external electric field, resulting in an
increase of the current (generation of photocurrent).
The photocurrent generated under 570 nm illumination
is much larger than that generated under 365 and
620 nm illumination with same light intensity of
800 pW-cm™. This result coincides with the spectral
photoresponsivity data presented in Fig. 2(b). The
photodiodes exhibit a broad spectral range from the
UV to NIR region, and the spectral photoresponsivity
has a maximum at 540 nm. The wavelength of highest
photoresponsivity was blue-shifted in comparison to
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Figure 2 Photoresponsive properties of ZnO NW/H-Si photodiodes. (a) I~V curves for reverse-biased region under dark conditions and
with illumination at three different wavelengths (the optical power of the incident light was 800 pW-cm™). (b) Spectral photoresponsivity
of ZnO NW/H-Si photodiode spanning UV to NIR wavelength range at an applied voltage of —2 V. (¢) Photoresponse time of ZnO
NW/H-Si photodiode under illumination at 365 and 620 nm. (d) Dependence of photoresponse on different illumination intensities under

illumination at 365 nm at an applied voltage of -2 V.
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that of the H-5i based photodetectors (the spectral
photoresponsivity data for the metal-semiconductor-
metal photodetector based on the H-Si membrane
are presented in Fig. 56 (in the ESM)), which can be
attributed to the enhanced UV photoresponsivity
conferred by the ZnO NWs [69]. The relatively low
photoresponsivity at wavelengths over 700 nm is a
consequence of the reduced thickness of the Si
membrane because the penetration depth of the incident
light is dependent on the wavelength, and wavelengths
over 700 nm cannot be sufficiently absorbed by the
thin Si membrane (2 um thickness). Si membranes
show reduced absorption of red and NIR light when
the thickness decreases [70]. Optimization of the
thickness of the Si membrane enables achievement of
a better photoresponse in the NIR region in comparison
with this result.

Figure 2(c) and Fig. S8 (in the ESM) indicate the fast
response time (~11 ms rise time and ~12 ms decay
time) of the ZnO NW/H-Si photodiodes under
illumination with both UV and visible light due to
the p—n junction photodetection mechanism. It was
also confirmed that the response time is similar for
both ZnO NW/H-Si and ZnO NW/F-Si regardless of
the structural difference between the Si photodiodes
(Figs. S8(a)-S8(d) in the ESM). This result can be
favorably compared to that obtained with conventional
ZnO photodetectors, which show a slow response
time (>100 s) and a narrow UV response range mainly
because of the surface oxygen adsorption/desorption
mechanism in the photodetection processes [71, 72].
The repeatability of the photoresponse under
illumination with 365 and 620 nm light indicates the
stability of the photodiodes (Fig. S8(e) in the ESM). To
investigate the generation and recombination behavior
of the photo-induced current under incident light,
the photocurrent was measured as a function of the
optical power of the incident light (Fig.2(d)). The
exponent @in the power law relation (I, = P% provides
information on the generation and recombination
behavior of a photo-induced current [73]. A € value of
unity indicates the ideal state, where the photo-induced
current increases linearly with increasing incident
power. The value of @falls below unity depending on
the number of trap states in the photodetector [74].
The developed photodiode exhibits a near-ideal power

relation with € = 0.99 (Fig. 2(d)), which indicates
excellent junction properties with a low density of
trap states between ZnO and Si. In accordance with
the near-ideal power relation, the I-V curve of ZnO
NW/H-Si (Fig. S9 in the ESM) showed no hysteresis
behavior, which indicates a small amount of charge
trap states at the junction.

The photoresponsivity of the ZnO NW/Si hetero-
structured photodiodes depends on the chamber
environment during sputtering of the ZnO layer and
depends on the growth time of the ZnO NWs. In
particular, the number of oxygen vacancies in the
sputtered ZnO layer affects the photoresponsivity. A
ZnO layer sputtered under an O, environment has
better crystallinity with a smaller number of oxygen
vacancies than a ZnO layer without an O, environment.
As shown in Fig. S10(a) (in the ESM), the ZnO NW/Si
photodetectors based on the ZnO layer sputtered under
an O, environment showed a higher photoresponsive
on/off ratio than those based on the ZnO layer
sputtered under a N, environment. This result can
be attributed to the reduced dark current (reverse
saturation current) in p—n junction diodes, resulting
from the improved quality of the ZnO film [75]. The
generation and recombination of carriers decreases
with prolonged minority carrier lifetime because the
high-crystallinity ZnO layer forms a good interface
with Si, thus the reverse current decreases [76-78].
The growth time of the ZnO NWs also affects the
photoresponsivity of the ZnO NW/Si photodetectors.
Figure 510(b) in the ESM shows the increase of both
the dark current and ON current as a function of the
growth time. The increase of the growth time results
in a decrease of the photoresponsive on/off ratio
(Fig. S10(a) in the ESM), which can be attributed to
the increase of the dark current with the increasing
crystallinity of the ZnO NWs. The high crystallinity
of the ZnO NWs results in less carrier scattering during
the transport process, thus reducing the possibility of
recombination of drift carriers through the NWs to
the electrode [79]. The increase of the crystallinity
of the ZnO NWs with increasing growth time can be
confirmed from the XRD data presented in Fig. S10(c)
(in the ESM), where the intensity of the (002) peaks
increases with increasing growth time. Notably, the
enhanced intensity of the (002) peaks is mainly
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attributed to the increased crystallinity of the ZnO
NWs with increasing growth time, not to the amount
of ZnO NWs. It was also observed that the increased
growth time induced a slight increase of the photo-
current (Fig. S10(d) in the ESM). The slight increase of
the photocurrent can be attributed to effective light
scattering and absorption by the ZnO NW arrays,
which enhances light absorption in the ZnO/Si junction
area. However, the predominant increase of the dark
current compared to the ON current results in a
decrease of the photoresponse on/off ratio with
increasing growth time (Fig. S10(e) in the ESM).

3.3 Characterization of omnidirectional property
of ZnO NWs/H-Si photodetector

To evaluate the omnidirectional light-detection
capability of the hierarchical ZnO NW/H-5i hetero-
junction photodiodes (Fig. 3(a)), four different types
of hetero-structured photodiodes (ZnO film/F-Si,
ZnO film/H-Si, ZnO NWs/F-Si, and ZnO NWs/H-Si)
were fabricated. All four types of photodiodes showed
clear rectification behavior and high photocurrent in
the reverse-biased region (Fig. S11 in the ESM). The
variation of the photocurrent (PC) (the photocurrent
ratio at an incident angle to normal incidence, I./I,)
depending on the angle of incident light at 620 nm
shown in Fig. 3(b), indicates the excellent omnidirec-
tional light-detection ability of the hierarchical ZnO
NW/H-Si structure as compared to those of the other
structures (I, of ZnO film/F-Si, ZnO film/H-Si, ZnO
NWs/F-Si, and ZnO NWs/H-Si was 120, 102, 115, and
96.8 nA, respectively). The photocurrent of the ZnO
film/F-Si photodiode decreased sharply (I4/I, = 0.1
over 60°) with increasing incident angle of light. In
the case of the ZnO NW/F-Si diode, the photocurrent
decreased below I,/I, = 0.4 at an incident angle of 70°,
despite the omnidirectional light absorption ability of
the NW structures due to the graded refractive index
profile from air to the bottom layer of the ZnO NWs
[57, 80]. For the ZnO film/H-Si structures, the device
showed better omnidirectional light-detection ability
than the ZnO Film/F-Si structures, which can be
attributed to the role of H-Si to effectively absorb and
guide the direction of the incident light even at high
incident angles via scattering processes [81, 82]. Thus,
the photocurrent of the hierarchical ZnO NW/H-Si

structures was maintained above I,/I,=0.7 at an incident
angle of 70° as compared to the photocurrent at normal
incident angle (lp). These results indicate that the
hierarchical structures of the NWs on the honeycomb
Si micropatterns can enhance the light absorption,
as well as the omnidirectional property. The higher
omnidirectionality of the hierarchical ZnO NW/H-5i
structures as compared to the ZnO NW/F-Si structures
can be attributed to the effective light absorption and
guidance of the honeycomb structures. In addition,
antireflective ZnO NW arrays with hierarchical struc-
tures enable excellent light absorption. Therefore,
hierarchical ZnO NW/H-Si photodetectors show the
best omnidirectional light-detection ability in com-
parison to the other structures.

To investigate the effects of the size of the hexagonal
holes on the omnidirectional light-detection ability of
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Figure 3 Omnidirectional light-absorption properties of hierarchical
hetero-structures of ZnO NWs on H-Si. (a) Photocurrent
measurement system as a function of angle of incident light.
(b) Variation of photocurrent for four different hetero-structured
ZnO/Si photodiodes as a function of angle of incident light at
620 nm. 2D plots of UV—Vis—NIR reflectance data for (c) F-Si,
(d) H-Si, (¢) ZnO NWs on F-Si, and (f) ZnO NWs on 8.7 um
H-Si using variable angle specular reflectance accessary.
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the honeycomb structures, hierarchical structures
with four different hole sizes were prepared (Fig. S12
in the ESM). The omnidirectional light-detection ability
was enhanced with increasing size of the hexagonal
holes (Fig. 513 in the ESM). At low incident angles
(below 40°), the variation of the photocurrent as a
function of the incident angle was similar for all hole
sizes. However, at high incident angles (over 40°), the
larger hexagonal holes showed better omnidirectionality
because greater light absorption and scattering was
possible with the larger holes. As seen in Fig. 514
(in the ESM), at a low angle of incidence (30°), light
absorption occurred throughout the honeycomb
structure, regardless of the size of the hexagonal holes.
However, at an intermediate angle of incidence (45°),
light absorption did not occur at the bottom parts of
the honeycomb structures for the smaller hexagonal
holes (2.2 pm). Furthermore, at a high incident angle
(60°), light absorption occurred only at the wall of the
honeycomb structure for the smaller hexagonal holes
(2.2 um). For the larger hexagonal holes (8.7 um), light
absorption occurred at both the wall and the bottom
of the honeycomb structure, even at a high incident
angle (60°), resulting in minimal photocurrent variation
as compared to that at low incident angles. Therefore,
hexagonal hole arrays with larger holes provide better
omnidirectionality than structures with smaller
hexagonal holes.

To further investigate the omnidirectional light-
absorption ability of the hierarchical ZnO NW/H-5i
structures, the angle-dependent light-absorption pro-
perties of four different structures were compared,
i.e., F-5i, H-5i, ZnO NW/F-Si, and ZnO NW/H-Si, by
using UV-Vis-NIR spectroscopy with a variable angle
specular reflectance accessory (VASRA) (Figs. 3(c)-3(f)).
Here, the spectroscopic data show the reflectance of
light with incident angles from 20° to 70°. For the F-5i
substrates, although the reflectance of UV light was
above ~50%, the reflectance in the visible/NIR range
was lower than that of the UV region due to the
absorption of visible/NIR light by Si (Fig. 3(c)). H-5i
showed much lower reflectance in the UV to visible/
NIR region than F-5i (Fig. 3(d)), which is attributed to
the increased light scattering and absorption of the
hexagonal hole arrays. For the ZnO NWs grown on
F-Si, the reflectance of UV light declined remarkably

below 5% due to absorption of UV light by the ZnO
NWs, as well as the large decrease in the reflectance
in the visible/NIR region due to light scattering
by the nanowire structures (Fig. 3(e)). For the ZnO
NWs grown on H-5i, the hierarchical ZnO NW/H-5i
structures exhibited excellent omnidirectional light-
absorption ability with greatly diminished reflectance
over the entire spectral range from UV to NIR (Fig. 3(f)),
which can be attributed to the combined effects of
the ZnO NWs and the honeycomb Si structure. The
reflectance data obtained with VASRA are in good
agreement with the angle-dependent photocurrent
variation.

To further elucidate the morphology-dependent
omnidirectional light absorption behavior, the |E
distribution for various morphologies was calculated
by the FDTD method. Figure 4 shows the cross-
sectional |E]* distribution at 620 nm with an angle of
incidence of 30° for different morphologies. As com-
pared to F-Si, the H-Si structure provided scattering-
induced multiple light absorption, resulting in
enhancement of the E-fields on the surface of Si
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-24
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Figure 4 Simulated cross-sectional |E\2 distribution of the

electromagnetic (EM) wave at 620 nm excitation with different
morphologies: (a) F-Si, (b) H-Si, (¢) ZnO NW/F-Si, and (d) ZnO
NW/H-Si at angular incidence of 30°. Magnified view of EM
wave distribution with different morphologies: (e) F-Si, (f) H-Si,
(g) ZnO NW/F-Si, and (h) ZnO NW/H-Si (left: normal incidence,
right: 30° incidence).
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(Figs. 4(a) and 4(b)). As shown in Fig. 4(c), strong
E-field resonances occurred between the ZnO NWs
on F-Si, which improved the light absorption. In
accordance with the results, the additional ZnO NWs
on H-Si dramatically enhanced the E-fields on the
surface of ZnO NW/H-Si (Fig. 4(d)). Figures 4(e)-4(h)
show a comparison of the E-field intensity distributions
at 620 nm excitation with normal incidence and 30°
incidence. For the ZnO NW/E-Si structure, the resonance
of the E-field between the ZnO NWs was stronger with
normal incidence than with 30° incidence. However,
the E-field inside the honeycomb structures with
normal incidence was smaller than that with 30°
incidence due to the weaker light scattering effect.
This result indicates that the light scattering effect
in the honeycomb structures is beneficial for E-field
enhancement.

3.4 Mechanical flexibility and durability of ZnO
NW/H-Si photodetector on PI substrate

Figure 5(a) shows photographic and optical microscopy
(OM) images of a free-standing H-Si membrane rolled
on the tip of a pipette, which confirms the excellent
flexibility of the H-Si membrane. To fabricate flexible
photodetectors, we utilized liquid-bridge-mediated
transfer printing to attach the separated H-5i membrane

onto the flexible PI substrate [83]. In the liquid-bridge-
mediated printing process, the attractive capillary
force generated between the H-S5i membrane and the
PI substrate by solvent evaporation induces conformal
contact and tight binding between the two substrates.
Figure 5(b) shows a photograph and schematic
illustration of the flexible ZnO NW/H-5i photodetector
arrays on the PI substrate. The flexible photodetector
showed high rectification behavior (~74 at an applied
voltage of 3 V) and photocurrent in the reverse-biased
region under illumination with 365 nm light (Fig. S15
in the ESM). Notably, the honeycomb structures enabled
uniform distribution of the external mechanical strain
to the triangular region, thus providing excellent
mechanical stability [84]. The flexibility of the developed
hierarchical-structured, flexible photodiode on the PI
substrate was proven by mechanical bending tests
as a function of the bending curvature, as shown in
Fig. 516 (in the ESM). The ZnO NW/H-Si flexible
photodiodes showed stable photoresponsive properties
without a significant change of the [-V curve at a high
bending curvature (rz = 0.415 cm) (Fig. 5(c)). With
increasing bending curvature, the photocurrent was
maintained at up to 90% of the initial photocurrent at
a bending radius of 3 mm (Fig. 5(d)). This behavior is
attributed to the advantageous honeycomb structure
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Figure 5 Evaluation of flexibility and durability of flexible ZnO NW/H-Si photodiode on PI substrate. (a) Digital images and OM
image of rolled H-Si membrane on tip of pipette. (b) Photograph and schematic showing the highly flexible ZnO NW/H-Si-based photodiode
on polyimide. (c) I~V curves of flexible photodiode in dark state (dotted line) and under illumination with 365 nm light (solid line) as a
function of the bending curvature. (d) Variation of photocurrent with increasing bending curvature. (Background photograph shows
photodiode bent with bending machine (rg = 0.415 cm).) (¢) Mechanical durability of ZnO NW/H-Si photodiode on PI substrate with
increasing number of bending cycles with a bending radius of 75 = 1.025 cm.
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that provides better mechanical flexibility [84, 85].
The ZnO NW/H-Si flexible photodiodes also showed
extremely high mechanical durability. As seen in
Fig. 5(e), the photodetector provided stable dark/ON
currents and minimal photocurrent variations for 10,000
bending cycles. SEM analysis of the photodetector
after 10,000 bending cycles did not show any
mechanical failures such as cracks or delamination of
the ZnO NWs from the ZnO NW/H-Si photodetectors
(Fig. 517 in the ESM).

4 Conclusion

In summary, a highly efficient flexible photodetector
with omnidirectional and broadband light-detection
capability was developed by using an ultraflexible and
hierarchical ZnO nanowire/Si honeycomb photodiode
membrane. The developed ZnO NW/H-Si-based
photodiodes have a fast response time of ~11 ms and
a broad photoresponse range spanning the UV to
NIR. Notably, the developed hierarchical ZnO NWs
on the H-Si membrane can detect omnidirectional
light (maintain high photocurrents up to incident
angles of 70°), which was previously achievable only
with complicated nonplanar photodetectors with
microlens arrays in previous reports. Furthermore,
the device fabricated with the honeycomb-structured
Si membrane resulted in flexible photodetectors with
high mechanical flexibility and durability with minimal
photocurrent variation. We anticipate that the developed
omnidirectional and flexible photodetectors based on
hierarchically structured honeycomb micromembranes
will find numerous applications for high-performance
flexible optoelectronic systems such as wearable
electronics, artificial retina, bio-medical imaging, and
future energy harvesting.
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