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A B S T R A C T

We present a leaf-inspired biomimetic omnidirectional photon management scheme for ultrathin flexible gra-
phene silicon Schottky junction solar cell. An all-dielectric approach comprising lossless spheroidal silica and
titania nanoparticle bilayers is used for mimicking the two essential light trapping mechanisms of a leaf - fo-
cusing and waveguiding, and scattering. The ratio of the nanoparticle diameters of the two optically tuned layers
plays a crucial role in confining the incident light through whispering gallery modes and subsequent forward
scattering into the substrate via strong leaky channels. The scheme does not employ any nanostructuring of the
silicon substrate, thereby preventing the optical gain from being offset by recombination losses, completely
decoupling the optical and electrical performances of the device. The light-trapping scheme shows ultralow
broadband reflection of only 10.3% and causes a 30% increase in efficiency compared to a bare graphene/silicon
solar cell. An efficiency of ~9% is obtained for solar cell with 20 µm thick n-silicon absorber and doped bilayer
graphene, resulting in highest (1.89) watt/gram utilization of silicon among all graphene/silicon solar cells. The
light-trapping nanoparticle-embellished solar cell retains its characteristics for> 103 bending cycles for a bend
radius as low as 3mm, demonstrating its flexibility, durability and reliability.

1. Introduction

With the need for emerging photovoltaic cells to be fabricated on
bendable supports and be capable of high speed roll-to-roll processing,
silicon (Si)- the most widely used material in solar cells is gradually
evolving towards a flexible future based on monocrystalline substrates
[1–4]. For an ultrathin Si substrate, manipulation of the incoming light,
in the form of collimation, scattering, focusing, and funneling, is needed
which can lead to significant optical absorption enhancement in the
active layer [5–7]. To realize an optimized photon management scheme
for ultrathin Si substrate, nature has always been a source of inspiration
for scientists [8]. Geometries found in insect eyes and wings have been
studied extensively for harnessing solar energy [9]. Si surface has been
engineered to mimic bio-inspired structural geometries like nanopillars,

nanowires, nanodomes and nanocones for achieving suppressed re-
flection over a broad range of wavelengths and allowing more light to
couple inside Si [8,10–17]. However, texturizing the Si substrate to
enhance light-trapping will unavoidably increase the surface area,
causing surface degradation by increased density of surface traps, in-
creasing surface recombination and eventually decreasing the solar cell
efficiency. Since the planar Si is highly reflective over the AM1.5G solar
spectrum, it is imperative to use an effective light-trapping scheme
devoid of Si structuring to decouple the optical and electrical domains.

This necessitates the quest to investigate the light manipulation
methods present in nature. Specifically, the benefits offered by leaf
surfaces for photon management and light harvesting remains relatively
unexplored. Leaves have adapted themselves to meet the essential pre-
requisite of funneling light energy efficiently and channeling it to the
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reaction centers to promote photosynthesis [18,19]. Leaves typically
have hierarchical morphologies with optimized micro and nanos-
tructures of various shapes and sizes which can efficiently control the
amount of incident solar radiation to be captured and coupled into it-
self. The light trapping in the leaf is enabled by multiple cellular
hierarchical layers with varying functionalities working with an optical
synergy. While the upper part of the leaf focuses and guides the incident
light into the leaf, the lower part with irregular shaped cells maximizes
the scattering of the in-coupled light enhancing the light absorption.
Depending on the large temporal and spatial variation of the incoming
light on daily and annual basis, leaves have evolved to successfully
couple light over wide angles of incidence making them possess om-
nidirectional characteristics.

Inspired by the light-harvesting phenomena in the leaf, a hier-
archical bilayer light-trapping scheme when engineered properly can
exactly replicate and mimic the functionalities of a leaf. The top layer
can be a periodic arrangement of Whispering Gallery Mode (WGM)
dielectric resonators which leads to the focusing and coupling of light
between the spheres leading to a waveguide formation [20,21]. Di-
electric resonators supporting WGM are generally characterized by
their high quality factor (Q). But WGM resonators used for solar cell
applications must have low Q, low frequency selectivity and strong in-
coupling for the absorber region [22]. The low Q of WGM resonators
depends on the bending loss occurring due to the leakage of light
which, in turn, depends on the nanoparticle environment [23,24].
Therefore, to achieve low-Q WGM resonators suitable for photovoltaic
applications, it is essential to tune the environment of the WGM re-
sonator allowing for sufficient leaky channels for the light to couple
from the dielectric nanosphere to the underlying Si. Significant light
absorption is obtained for photovoltaic absorber with periodic array of
resonant spheres and spherical nanoshells due to strong whispering
gallery modes [20,22,25]. But, discrete nature of each resonant mode
makes it trivial to maintain the phase matching with the incident solar
energy spectrum which is required for achieving a broadband absorp-
tion enhancement [5,26]. This opens up an opportunity to control the
direction of the scattering. To achieve broadband absorption within Si,
forward scattering needs to be enhanced with almost negligible back
scattering. The bottom layer can therefore be designed to provide leaky
channels for the light from the WGM resonators to the Si with optimum
forward scattering into the absorber. Such a hierarchical biomimetic
design would allow for the implementation of various light manage-
ment functionalities so that the optical and electrical domains of the
solar cell can be decoupled from each other, offering immense design
flexibility and easy adaptability into any type of solar cell technologies.

In this paper, we demonstrate such a comprehensive novel leaf-in-
spired photon management scheme on the flexible and ultrathin gra-
phene/Si Schottky junction solar cells. The application of graphene on
Si solar cells has attracted much attention in recent years due to the
ease and low cost of fabrication, concomitant with the lucrative prop-
erties of high electron mobility, transparency and mechanical flexibility
of graphene as a transparent conducting electrode [27–35]. The bilayer
light-trapping scheme consisting of a top layer of silica spheres and a
bottom layer of titania spheres to mimic the exact light trapping phe-
nomena found in leaves. Specifically, we have employed the Finite
Difference Time Domain (FDTD) optical simulation to study the optimal
geometry of the bilayer light trapping scheme and to analyze the light
trapping mechanism. The size of the nanoparticles in each layer plays a
crucial role and has been optimized for infiltrating the critical optical
features of the leaf including focusing, waveguiding and scattering of
light. The three unique properties offered by our leaf-inspired photon
management scheme are: (1) it uses lossless all-dielectric approach, (2)
it is free of recombination centers since it does not involve Si surface
structuring, and (3) it offers broadband polarization-independent anti-
reflection characteristics for light striking at normal and oblique angles
of incidence. Such simple, hierarchical, low-cost light-trapping schemes
are universal in nature, devoid of recombination losses and are

potentially viable for any solar cell technology. The planar Si surface of
the solar cell is passivated by a layer of aluminium oxide (Al2O3) and
the graphene film is p-doped with gold chloride (AuCl3). An optimal Si
thickness coupled with the optimized light-trapping scheme leads to
efficient photon harvesting. The PCE of a nanosphere-decorated 20 µm
thick graphene/Si solar cell improves to 8.8%, which is 1.3× higher
than the pristine cell's PCE of 6.8%. Additionally, the photovoltaic
characteristics of the laminated solar cell show negligible change after
several bending cycles for bend radii as low as 3mm. After 3× 103

bending and straightening cycles, the biomimetic light trapping layer
and the ultrathin solar cell retains its performance. The leaf-inspired
dual-layer nanoparticle reported in this work demonstrates a simple,
ultra-durable and omnidirectional light trapping scheme with proved
performance on the ultra-thin Si solar cells which is of paramount im-
portance in future development of photovoltaics.

2. Results and discussion

2.1. Optimization of the light trapping scheme

The key mechanisms behind the interaction of a leaf with light can
be revealed by the structural components of the leaf [36,37]. The
propagation of light through the leaves is governed primarily by fo-
cusing, funneling and scattering interactions. Fig. 1a shows a typical
schematic of the leaf anatomy including the upper and lower epidermis,
palisade mesophyll and spongy mesophyll cells. The upper epidermis is
primarily thin and transparent and consists of lens-type cells capable of
focusing light. This layer facilitates path length enhancement of the
incident light increasing its probability to get absorbed and allows
omnidirectional absorption. Elongated and densely packed palisade
cells contain the largest proportion of chloroplasts supporting photo-
synthesis. This layer enables the penetration of sunlight deep inside the
leaf and behaves as a waveguide to trap the light. The spongy mesophyll
layer consists of irregular cells with large intercellular spaces filled with
air. Due to the huge discontinuity between the absorbing material and
the air-filled space, there arises a refractive index mismatch in the
cellular interfaces. This helps in scattering light within the leaf for in-
creasing its chance to get absorbed for photosynthesis. To mimic the
optical behavior observed in the leaf, we have designed a unique light-
trapping scheme for the graphene/Si solar cells. The schematic of the
graphene/Si solar cell is shown in Fig. 1b. An interfacial oxide layer of
Al2O3 is deposited on Si to passivate its surface by reducing the re-
combination centers and to improve the open circuit voltage (Voc)
[35,38,39]. Bilayer graphene is then transferred onto the Si substrate.
Although bilayer graphene exhibits a lower transmittance of 95.3%
compared to 97.6% transmittance by monolayer graphene, the sheet
resistance of bilayer graphene is almost half of that of monolayer gra-
phene, thus offering a tradeoff between their electrical and optical
performances [40]. The light-trapping scheme as shown in the sche-
matic consists of a bilayer configuration of densely packed hexagonal
arrays of titania nanoparticles and silica nanoparticles. Fig. 1c shows
the schematic of the light management mechanism in the proposed
bilayer configuration. The size of the silica nanoparticles in the top
layer must be greater than that of titania nanoparticles in the bottom
layer to play a crucial role for guiding and propagating light in a
manner similar to that observed in the leaf. The top silica layer plays a
composite role of focusing and funneling of light, analogous to the
upper epidermis and palisade mesophyll cells of the leaf. The particles
in this layer have a circular symmetry and can sustain the whispering
gallery modes. Light of a particular wavelength gets confined within the
large sized particles by total internal reflection with increased number
of round trips along the surface until it finds a strong leakage channel
provided by the bottom layer. The bottom layer offers the role of
scattering like the spongy mesophyll layer in the leaf. Smaller nano-
particles scatters optimum light in the forward direction into the un-
derlying high indexed Si substrate through the transparent graphene
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film with minimal back scattering. Fig. 1d shows the optical image of a
representative ultra-thin flexible graphene/Si solar cell. Fig. 1e shows
the energy band alignment at the doped graphene/Si interface under
illumination with an Al2O3 passivation layer between graphene and Si.
Graphene forms a Schottky barrier with n-Si because of the difference
between the work function of graphene (ɸG) and that of Si (ɸSi). The
photo-generated holes are collected by the graphene layer as they
tunnel through the Al2O3 barrier. A high barrier height (ɸoxide) is de-
sired for preventing the tunneling of electrons through the passivation
layer. An optimal thickness of 5–30 Å of Al2O3 helps improve the photo-
conversion efficiency (PCE) of the solar cell by allowing efficient hole
tunneling and increasing Voc by reducing carrier recombination
[35,41,42]. In this work, 1 nm thick Al2O3 is deposited on the silicon
surface by atomic layer deposition. In addition, the p-doping of gra-
phene enhances the graphene/Si Schottky barrier, resulting in a higher
Voc. Simultaneously, doping graphene reduces the series resistance of
the solar cell, thus improving the fill factor (FF).

Light management for ultrathin substrates has two major chal-
lenges: (a) optimizing a light trapping scheme for enhancing the optical
absorption within physically thin substrates and (b) optimizing the
physical thickness of the active layer to achieve a high PCE. To max-
imize photon harvesting and to minimize the optical reflectance, a sy-
nergistic association of the light-trapping scheme with the thickness of
the underlying Si is required. We performed 3D full field electro-
magnetic simulations with Lumerical® FDTD Solutions to predict the
optimal size of the nanoparticles in the light-trapping layer on an op-
timized thickness of the Si substrate. The objective is to obtain the
minimum possible integrated reflectance for an optimized thickness of
Si. To perform the optimization, we simulated the light-trapping
scheme with varying D:d ratios, where D is the diameter of silica na-
noparticles, and d is the diameter of the titania nanoparticles. We chose
d=50 nm, 100 nm and 200 nm for reasons that will be explained in the

subsequent paragraphs. The parameter space for d is chosen to find an
optimum size parameter of the titania nanoparticles in which simulta-
neous reduced back scattering and optimized forward scattering can be
achieved. The D:d ratio was varied from 1 to 10 for each value of d, thus
varying D from 50 nm to 2 µm. This range of values allows for the bi-
layer light trapping scheme to closely mimic the architecture of the leaf
in which D> d and facilitates an optimum combination to achieve
minimum reflection losses for a Si substrate. The integrated reflectance
(Rint) is calculated using the following equation:

∫

∫
= =

=

R
R λ N λ dλ

N λ dλ

( ) ( )

( )
int

λ

λ

400 nm
1100 nm

0

400 nm
1100 nm

0 (1)

where N0(λ) is the number of photons for the incident AM1.5G solar
spectrum and R(λ) is the reflectance corresponding to wavelength λ.
The integrated reflectance due to the incorporation of the light-trapping
scheme on the graphene/Si substrate for a constant Si thickness of
20 µm has been plotted in Fig. 2a. The optimization has also been
performed for lower thicknesses of the Si substrate (10 µm and 15 µm),
as shown in Fig. S1a–b in Supporting Information. It is observed that for
a ratio of D:d of 6 when D =600 nm and d =100 nm, Rint reaches a
minimum value of ~7.32% for a 20 µm thick Si substrate. Fig. 2b shows
the wavelength-dependent reflectance for a 20 µm thick Si substrate
with and without the optimized light trapping structure. It is observed
that the reflection is ultra-low over a wide range of wavelength, with
significantly reduced reflectance for the solar cell embellished with the
light-trapping structure compared to the bare one. The reflectance re-
mains below 3% for the spectrum ranging from 540 to 740 nm resulting
in the low integrated reflectance for the entire solar spectrum
(400–1100 nm). This accounts for ~80% reduction in reflectance
compared to a bare graphene/Si surface for the same thickness of Si.
Further, based on this optimized pattern, wavelength integrated re-
flectance of graphene/Si substrates as a function of Si thickness is

Fig. 1. Schematic of leaf-inspired graphene/Si solar cell with fabricated device and energy band diagram. (a) Schematic representation of leaf anatomy consisting of
upper and lower epidermis, palisade mesophyll and spongy mesophyll tissues. (b) Schematic representation of the graphene/Si solar cell with the light-trapping
scheme. The expanded region shows the bilayer configuration of hexagonal arrangement of silica/titania nanoparticles on graphene. (c) Schematic of the light
management mechanism in the proposed bilayer light-trapping scheme with all-dielectric spheres. (d) Photograph of a flexible thin graphene/Si solar cell. Inset
shows the optical image of a complete graphene/Si solar cell. Scale bar 0.5 cm. (e) Energy band diagram of the graphene/Si Schottky junction.
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studied. Fig. 2c shows the reduction in reflectance as calculated by the
ratio of Rint of bare graphene/Si to Rint of graphene/Si with the opti-
mized light-trapping scheme for different substrate thicknesses. The
reduction factor rises when thickness of Si increases and saturates to a
value of 4.8 for Si thickness≥ 20 µm. This clearly indicates the fact that
the wavelength-integrated reflectance with and without the light-trap-
ping scheme does not change when Si substrate is thicker than 20 µm as
shown in Fig. S1c in Supporting Information. For substrate thicknesses
beyond 20 µm, the substrate already has the capability to absorb most
of the incident photons but with high reflection loss. In such cases, a
simple optimized antireflection coating will serve the purpose of re-
ducing the reflection losses rather than the need for an advanced light
management scheme. The Si thickness of 20 µm defines a key transition
point for the nanoparticles to display antireflection properties and ad-
vanced light management schemes for the underlying Si.

2.2. Light trapping mechanism

To elucidate the light management phenomenon taking place in
each layer of the optimized structure, we performed FDTD simulations
for varying the angles of incidence and for Transverse Electric (TE) and
Transverse Magnetic (TM) polarization of light. The optoelectronic
performance of the solar cell should be evaluated for varying angles of
incidence, so that non-ideal situations, such as diffused sunlight on a
cloudy day and varying incident angles of light depending on the time
of the day or the year, could be harnessed efficiently. Since the re-
sonators in the top layer of the optimized bilayer scheme supports ex-
cited resonance modes, it is often found that the resonances are po-
larization sensitive [43,44]. Therefore, for studying the angular
dependence of light trapping, we monitored the coupling to individual
leaky waveguide modes not only as a function of angle of incidence and
excited wavelengths but also for TE and TM polarizations of incidence.
Our proposed light-trapping scheme possesses an outstanding broad-
band and omnidirectional reflectance over a wide range of incident
angles. The integrated reflectance of the optimized combination of the
nanoparticles on a graphene/Si (20 µm) substrate with varying angles
of incidence is shown in Fig. 3a. The Rint at normal incidence is ~7%
and degrades only slightly with increasing angle of incidence. The Rint

increases by only ~5% as the angle of incidence is increased to 30° and
by ~14% at an angle of 50° when compared to reflectance at normal
incidence. In contrast, the bare substrate without the light trapping
scheme shows ~35% reflectance for normal incidence which gradually
increases to ~50% at an angle of incidence of 60°. The Rint for varying
angles of incidences is the averaged response of two guided modes of
excitations at those angles and involves the simulations of the trans-
verse electric (TE) and transverse magnetic (TM) polarized incident
light. On analyzing the individual simulations excited by TE and TM

mode of incident light separately, it is observed that the integrated
reflectance remains unaffected when the light trapping scheme is in-
cluded as opposed to the substrate without the light-trapping scheme.
This is affirmative of the fact that the proposed light-trapping scheme
can achieve polarization-independent response for wide angles of in-
cidence [Fig. S2a in Supporting Information]. Fig. 3b and c show the
contour plot of the wavelength-dependent reflectance of the light-
trapping scheme on graphene/Si (20 µm) for TE and TM mode of ex-
citation, respectively, with varying angles of incidence. The composite
behavior of the two layers helps in suppressing the reflectance from the
substrate for both TE and TM modes of excitation for the entire solar
spectrum and at all angles of incidence. Fig. S2b–c in Supporting
Information show the contour plots of wavelength-dependent re-
flectance when no light-trapping scheme is implemented.

Further, the electric field profiles are obtained for various angles of
incidence of light. Fig. 3d shows the light trapping mechanism at a
wavelength of 680 nm for normal incidence of light. The effects of
whispering gallery modes, leaky channel effects and scattering within
the substrate are demonstrated for this wavelength by simply scaling
the value of the electric field intensity. Spherical silica nanoparticles
having refractive index (1.46) higher than the surrounding medium
(refractive index of air = 1) can support whispering gallery modes
within them [Fig. 3d (i)]. Upon entering the nanoparticle, light gets
confined within it due to its spherical geometry. Subsequently, angles of
incidence for the light striking the internal surface are greater than the
critical angle of 43° defined by the silica/air interface. This causes light
to travel close to the inner edges of the sphere due to total internal
reflections at the silica/air interface. There is also sufficient intra-layer
interaction between the particles, allowing for light trapping at higher
wavelengths, which is critical for physically thin absorbers [Fig. S3a-c
in Supporting Information]. This light interaction between dielectric
spheres supporting WGM can also be envisaged as a photonic nanojet
[45]. These conditions for total internal reflection are supported for
both normal angle and oblique angles of incident light. After the light
propagates along the surface for one round trip with the same phase,
there arises a possibility of formation of constructive interference sa-
tisfying the resonance condition of

×
=

π Radius of sphere
Wavelength of interest

l
Refractive index of sphere

2
(2)

where l is an integer corresponding to the number of round trips for any
wavelength [46–48]. According to the Eq. (2), assuming the absence of
any leaky mode from the sphere, the silica spheres of the optimized
diameter (600 nm) can guide the light in a round trip ~9 times for a
wavelength of 300 nm, ~4.5 times for a wavelength of 600 nm and
~2.5 times for a wavelength of 1100 nm. This number of round trips
decreases for each wavelength when the size of the nanoparticle

Fig. 2. Optimization of the light-trapping scheme. (a) Optimization of the diameter of the densely packed hexagonal arrays of titania nanoparticles and silica
nanoparticles in the bilayer light trapping scheme for 20 µm thick Si substrate. D is the diameter of silica nanoparticles, and d is the diameter of the titania
nanoparticles. (b) Wavelength-dependent reflectance of the optimized combination of the nanoparticles (D= 600 nm, d= 100 nm) in the light-trapping scheme. The
optimized combination of nanoparticles (D = 600 nm, d = 100 nm) is obtained from Fig. 2a. (c) Reduction in integrated reflectance due to the optimized light-
trapping structure (D = 600 nm, d = 100 nm) for varying thicknesses of Si substrate.
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decreases, underlining their incapacity to support WGMs for the entire
solar spectrum. This is evident from the integrated reflectance for the
optimizations carried out [Fig. 2a, Fig. S1a–b in Supporting
Information] which show inferior reflectance for lower values of D:d
ratio for a particular value of ‘d’. This hinders the reduction of the size
of the nanoparticles placed in the top layer of our structure. Further, for
higher values of D:d, the reflectance is found to be asymptotic which is
indicative of the presence of WGM in the top nanoparticle layer.
However, as the primary objective of the light-trapping scheme is to
couple light into the Si substrate, it is not enough to merely trap the
light via WGMs. The trapped light should be leaked preferentially to-
wards the substrate through suitable leakage channels. This leakage
performance of such resonating spheres can be judged by Quality
factor, which is defined as

= =Q ω
Stored energy

Power loss
ω τ0 0 (3)

where ω0 represents the angular frequency of the resonator and τ is the
time required for the field to decay by a factor of e [49]. Q-factor
measures the characteristic time for the exponential decay of the energy
stored inside the resonator and is given by the ratio of the total energy
stored to the energy dissipated by the resonator. Because of the lossless
nature of the dielectric spheres, all-dielectric resonating spheres can
support a high Q factor in the solar spectrum. While ideal lossless
photonic-bandgap Fabry Perot resonators are capable of Q-factor in the
order of 105, Q factor reduces to the order of 103 for real dielectric
materials [50]. FDTD simulation of silica nanoparticles of D =600 nm
in air shows a Q factor as high as ~3×103. Whispering gallery modes
can leak out from the resonator to the outer free space but at a very low
rate due to the low refractive index of the outer medium (air in this
case). However, titania nanoparticles offering high refractive index of
2.62 in the bottom layer, leads to the formation of leaky channels for

light energy from silica nanoparticles, thus bringing down the Q-factor
of the silica nanoparticles to ~78. The low Q factor of the silica na-
noparticles in the proposed light trapping configuration causes the in-
cident electric field to decay quickly as compared to an array of simi-
larly sized nanoparticles in air [Fig. S3d in Supporting Information].
Fig. 3d(ii) shows the inter-layer coupling of light from the top layer of
silica nanoparticles to the bottom layer of titania nanoparticles at an
angle of incidence of 0°. The diameter of the bottom layer titania na-
noparticles must be such that they can scatter the in-coupled light
preferentially into the Si substrate without any significant back scat-
tering. The total scattering efficiency is determined taking into con-
sideration the effect of the size parameter which is given by: [51]

=
×

Size parameter
π Radius of sphere

Wavelength of interest
2

.
(4)

The minimum back scattering is obtained for the size parameter≤ 1
[51]. Small titania nanoparticles (d ≤ 50 nm) lead to insignificant
scattering efficiency resulting in inefficient light trapping inside the
active absorber. For larger titania nanoparticles (d ≥ 200 nm), the
scattering efficiency increases significantly, causing a large increase in
backward scattering, which is undesirable. An optimum scattering ef-
ficiency with negligible back scattering needs a size parameter of 0.6–1
in the solar spectrum [51]. This can be achieved with the use of titania
nanoparticles of diameter 100 nm. This also validates the minimum
reflection characteristics obtained in the optimization. Fig. 3d(iii)
shows the scattering of light from the bottom layer into the underlying
Si substrate recorded at λ=680 nm. The same optical phenomena have
been observed at higher angles of incidence as well [Fig. S3e in
Supporting Information]. The light trapping mechanisms described at
0° incident angle is also prevalent for an angle of incidence of 60°,
demonstrating the omnidirectional property of the light-trapping
scheme. Thus, the light-trapping mechanism of the proposed bilayer

Fig. 3. Light trapping phenomena and the effect of angled incidence. (a) Angle-dependent integrated reflectance of graphene/Si substrate with and without the
optimized light trapping structure. Reflectance as a function of wavelength and angle of incidence of light for the graphene/Si substrate with optimized light trapping
structure for (b) TM- and (c) TE-polarized light. (d) Electric field profiles of the light-trapping phenomena are shown for an angle of incidence of 0° at 680 nm. Each
column of figures corresponds to the advanced light management taking place in the structure itself explaining (i) the formation of whispering gallery modes, (ii)
coupling of light from top layer to bottom layer and (iii) light scattering and focusing of light in the active Si absorber. All profiles are for TE polarizations and use a
linear color scale representing electric field intensity (V/m) within the light trapping structure and Si for the wavelength of light corresponding to 680 nm. (e) Electric
field profiles of the light trapping phenomena for 0° angle of incidence at 570 nm and 900 nm. (f) Electric field profiles of the light trapping phenomena for 60°
incidence at 570 nm and 900 nm. The outline of the nanoparticles is marked in white and a Si absorber thickness of 1 µm is depicted.
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scheme exactly mimics the optical behavior of a leaf, exhibiting lensing,
waveguiding and scattering of light. The light-trapping effect is not
restricted to any particular wavelength. The same effects have been
demonstrated also at two other wavelengths of 570 nm and 900 nm for
normal and oblique (60°) incidence of light [Fig. 3e–f].

2.3. Device characterization

A simple low-cost colloidal spin coating technique is employed to
incorporate non-absorbing, all-dielectric spheroidal nanoparticles as
the light-trapping scheme on graphene for the fabrication of the flexible
ultrathin graphene/Si solar cell. Flexible Si substrate of thickness
20 ± 2 µm was obtained from the n-Si< 100 > substrate [Fig. 4a]. A
unique methodology of AuCl3-doping followed by spin coating of the
silica-titania nanoparticles on as-grown graphene on copper foil is im-
plemented, prior to the wet transfer of graphene on Si. This allows for

the composite graphene film to be seamlessly transferred onto the
flexible Si substrate with predefined contacts. Fig. 4b shows the scan-
ning electron microscope (SEM) image of the bilayer nanoparticles (d
~120 nm, D ~610 nm) on the fabricated device. Solar cell character-
istics of the fabricated laminated devices are shown in Fig. 4c–f. The
measured reflectance for the synthesized nanoparticle combination on
graphene/Si solar cell is shown in Fig. 4c. The integrated reflectance
after incorporating the light trapping scheme is ~10.3%, which is a
~64% reduction in the integrated reflectance compared to a bare gra-
phene/Si surface (Rint = ~28.3%). The reflectance of the solar cell
without light trapping scheme maintains a broadband response until it
starts rising at wavelengths higher than 900 nm. However, the re-
flectance of the nanoparticle-incorporated solar cells shows an almost
flat response up to the wavelength of 1000 nm and then rises slowly at
wavelengths beyond that. The reflectance increase at higher wave-
lengths clearly depicts the signature of a thin Si substrate. The reflection

Fig. 4. Characterization of the graphene/Si solar cell with light-trapping scheme. (a) Photograph of a flexible and bendable Si substrate. SEM image confirming the
thickness of Si to be 20 µm. (b) SEM image of the bilayer light-trapping scheme with all-dielectric spheres. (c) Experimentally measured reflectance, (d) External
quantum efficiency vs. wavelength, (e) Current density vs. voltage (J-V) plot and pseudo J-V plot of the final fabricated device and (f) Experimentally measured angle-
dependent efficiency of the final fabricated device. The measurements of the device without light-trapping scheme are also shown in the plots for comparison.
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characteristics of a laminated solar cell with the light-trapping scheme
vary marginally from that of a non-laminated device [Fig. S4 in
Supporting Information]. The external quantum efficiency (EQE) of the
device due to the incorporation of the nanoparticles with respect to the
bare graphene/Si solar cell is plotted in Fig. 4d. The EQE increases by
~30% for the entire solar spectrum of wavelengths 400–1100 nm. The
reduction in measured reflectance and enhancement in measured EQE
due to the light-trapping scheme follows the same pattern [Fig. S5a–b
in Supporting Information]. This clearly explains the advanced light
management that is taking place over the entire solar spectrum of
400–1100 nm, predominantly at higher wavelengths. To estimate the
current density from EQE measurements, the spectral response is in-
tegrated over the solar spectrum 400–1100 nm as per the following
equation.

∫= ×J q N λ EQE λ dλ( ) ( )sc 400 nm

1100 nm
0 (5)

where q is the elementary charge and N0(λ) is the number of pho-
tons for the incident AM1.5 G solar spectrum. This corresponds to a
current density of 20.7 mA/cm2 and 26.8 mA/cm2 for the solar cell
without and with light trapping scheme respectively. The solar cell J-V
characteristics are shown in Fig. 4e. The graphene/Si solar cell without
nanoparticles exhibits an efficiency of 6.8% with Jsc of 22.8 mA/cm2,
Voc of 0.49 V, and FF of 61%. Series and shunt resistances obtained from
the slope of the J-V plot at the open circuit voltage and short circuit
current point are 5.4Ω-cm2 and 100 kΩ-cm2 respectively. Due to the
incorporation of the light-trapping scheme, PCE and the Jsc reach 8.8%
and 28mA/cm2 respectively with no change in FF. A negligible varia-
tion in Voc is obtained from 0.49 V to 0.51 V. The minimal change in Voc

(~4%) is attributed to its logarithmic dependence on the current den-
sity which makes the variation less pronounced. There is also negligible
change in the series and shunt resistances. The increase in the Jsc is
attributed to the strong coupling of incident light enabled by the bilayer
nanoparticle coating. Further, it is observed that the estimated current
density values from the EQE measurements are in close agreement with
the current densities obtained from the J-V measurement under
AM1.5 G solar illumination. The slight under prediction of the short-
circuit current from the EQE measurements is because the standard
solar spectrum extends into deep UV and far IR which is not considered
in the EQE measurement (400–1100 nm) and hence is not in the cal-
culation. Fig. 4e also shows the measured pseudo J-V characteristics of
the solar cells. The pseudo J-V curves show little difference compared to
the actual J-V plot besides an increased FF. The current (Jsc) and voltage
(Voc) points have negligible change. The FF of the pseudo J-V plot comes
around 84% as compared to 61% obtained from the real J-V plot. As
observed from the pattern of the plots in the figure, we can conclude
that the cell is not significantly impacted by shunting, and that the
series resistance is the major cause of FF loss. To evaluate the omni-
directional performance of our devices, we have compared the device
performance for different angles of incidence from 0° to 60°. Fig. 4f
shows the angle-dependent efficiencies of the fabricated device before
and after incorporating the light trapping structures. It is observed that
the efficiency decreases for increased angles of incidence in both the
cases with or without nanoparticles. This is due to the cosine effect
which results in reduction of incident radiation by the cosine of the
angle between the solar radiation and a surface normal. To estimate the
actual current density generated by the solar cell nullifying the impact
of the reduced incident flux due to the cosine effect, a normalized value
of current density as a function of angles of incidence for the solar cell
with or without light trapping structure is presented in supporting in-
formation [Fig. S5c in Supporting Information]. It is observed that the
bio-inspired solar cell shows a minimal deviation (relative change of
~3%) of the current density over the wide angles of incidence (0–60°)
as compared to the bare graphene/Si solar cell where the variation is
16% for the minimum (0°) and maximum (60°) angle of incidence.
These observations confirm the role of the bilayer nanoparticle light-

trapping scheme as an omnidirectional anti-reflection layer. Further,
the obtained PCE in a substrate thickness of 20 µm translates to en-
ormous material cost savings resulting in the highest Watt/gram Si
utilization of 1.89 as compared to other reported works [Table S1 in
Supporting Information]. This also implies that only 0.53 g of active
material is needed to produce power output of 1W from such devices. A
table showing the device performance parameters of a number of gra-
phene/silicon solar cells having the optimized light trapping structure
is shown in Supporting Information [Table S2] with the champion solar
cell having an efficiency of 8.8%. As seen from the table, the fabrication
process flow is repeatable and reproducible; and the PCE values are
highly consistent with a tight PCE distribution (~3% relative change).
To investigate the stability in the reported efficiency of the solar cell
and aging effect of the solar cell, the cell is examined and is found to
show stable performance even after 4 months [Fig. S6 in Supporting
Information] retaining ~96% of the initial PCE value without dete-
rioration of the key photovoltaic properties such as Jsc, Voc, and FF. To
demonstrate the flexibility and reliability of the fabricated solar cell
with light trapping scheme, the graphene/Si solar cell with the light
trapping scheme has been subjected to bending tests with different
bending radii and cycles. Solar J-V characteristics are measured after
certain intervals (10th, 50th, 100th, 300th, 500th, 700th and 1000th
cycle) for three different bending radii of 20mm, 10mm and 3mm by
repeating the bending-recovering cycles. A photograph of the bending
test is shown in Fig. 5a. The effect of repeated bending on device
parameters and PCE as a function of bending cycles is presented in
Fig. 5b and c respectively. Voc remains almost unchanged (from 0.51 V
to 0.50 V) with a minimal variation of Jsc between 26mA/cm2 to
28mA/cm2. As a result, the PCE is also found to be within the range of
8.8–8.3% for bend radius of 20 mm, 10mm and 3mm. This is indicative
of the fact that the device is capable of retaining ~95% of the its ori-
ginal performance even after bending it over 103 bending cycles of
varying radii. The results demonstrate the excellent flexibility as well as
high durability of the fabricated solar cells.

3. Conclusions

In summary, we fabricated a graphene/Si Schottky junction solar
cell on planar 20 µm ultrathin Si substrate, having an efficiency of
~9%, using a leaf-inspired biomimetic light trapping scheme. The
scheme involves the use of two optically tuned lossless nanoparticle
layers. The nanoparticles in the top silica layer behave as low-Q whis-
pering gallery mode resonators, which confine light and direct it into
the bottom titania layer through the strong energy leakage channels.
The bottom layer subsequently scatters the coupled light into the high
index Si absorber. Using FDTD simulation, it is found that the light-
trapping capability is maximized when the particle diameter of the top
layer is within 600 nm, and a ratio of 6:1 is maintained between the
diameters of the top and bottom layers of nanoparticles. A 30% en-
hancement in the EQE is achieved due to the nanoparticle coating. The
measured PCE of the nanoparticle-coated graphene/Si solar cells for
varying angles of incidence confirms the omnidirectional behavior of
the light-trapping scheme, enabled by the intra-layer and inter-layer
nanoparticle interactions. The all-dielectric light-trapping scheme does
not increase surface recombination, establishing its advantages over
conventional techniques, such as nanostructuring of active absorber
substrate. The work also demonstrates that graphene may be seamlessly
integrated into the technology roadmap of monocrystalline Si solar cells
with simple low-cost light trapping schemes. Further, the fabricated
solar cells exhibit highly reliable behavior for 103 bending cycles for
bend radii of 20mm, 10mm and 3mm. This validates the capability of
the devices as future solar cell technologies since next generation solar
cells should be low-cost, flexible and can be fabricated by roll-to-roll
processing.
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4. Material and methods

4.1. Optical simulation

A three-dimensional full wave FDTD simulation (Lumerical
Solution, Inc.) is used to optimize the light-trapping scheme for the
graphene/Si interface. We have considered bilayer graphene on planar
Si. The material properties of Si are taken from the database of
Palik [52] in the FDTD simulator and constant refractive indices are
used for SiO2 (n=1.46) and TiO2 (n=2.62). A 2D rectangle sheet is
used to model the graphene sheet based on the surface conductivity of
graphene [53]. To simulate a bilayer graphene, graphene model with
conductivity scaling of 2 is considered [54]. Simulation box is defined
across the size of a unit cell with symmetric/antisymmetric boundaries
in the lateral direction and perfectly matched layers in the vertical di-
rection. Aluminium back reflector is used to define the bottom
boundary condition. A planar wave source having the spectrum range
of 400–1000 nm is considered for simulation. Power monitors are
placed above the source to capture the wavelength dependent reflec-
tion. Moreover, the structure is analyzed by oblique incident plane
waves using Broadband Fixed Angle Source Technique sources to si-
mulate its response for varying angles of incidence. Simulations are
performed for both TM and TE polarized light and are averaged out to
obtain the total reflection loss for various angles of incidence. Electric
field profiles for each wavelength are recorded with frequency domain
field profile monitors. For simulating the Q-factor for the structure, time
monitors are placed at different locations in the simulation box to
isolate the resonant peaks. The quality factor is quantified from the
slope of the envelope of the decaying signal by the formula [54]

= −
× ×

×
Q

π resonant frequency log
Slope of the timesignal decay

2
2

e
10

4.2. Nanoparticle synthesis

Both silica and titania nanoparticles are synthesized by the well-
known Stober method by the hydrolysis and subsequent condensation
of alkyl silicate (Tetra Ethyl Ortho Silicate) [55,56] and alkyl titanate
(Ttianium Isopropoxide) [57] respectively at room temperature.

Ammonium hydroxide is added as a catalyst in the reaction to maintain
the desired alkalinity of both the solution. While silica nanoparticles are
prepared in a medium of ethanol and water at a stirring speed of
1000 rpm, titania nanoparticles are prepared only in water medium at
2000 rpm. Finally, the prepared solution is centrifuged to obtain the
final colloidal solution. Concentration of the reaction mixture, stirring
speed and time of the reaction are optimized to obtain the desired
diameter of nanoparticles. The synthesized nanoparticles are spin
coated on doped graphene to form a monolayer hexagonal close
packing array.

4.3. Device fabrication

To fabricate the graphene/Si Schottky junction Schottky type solar
cell, n-type Czochralski Si wafers (< 100> , 1–20 Ωcm, 180–200 µm
thick) is immersed into 30 wt% KOH solutions heated at 90 °C. By
controlling the etching duration time, ultrathin Si substrates 20 µm
thick are obtained. The wafers are cleaned in a 10% aqueous HF solu-
tion at room temperature to get rid of native oxide from the surface.
Aluminium (100 nm) is deposited by electron beam evaporation to form
the back contact of the solar cell. An interfacial oxide layer of Al2O3

(1 nm) is deposited by atomic layer deposition at 250 °C using tri-me-
thyl Al (TMA) as Al precursor and H2O as oxygen precursor using an
atomic layer deposition system (Savannah, Ultratech/CNT). A masked
deposition of the insulating layer of SiO2 (300 nm) is performed in
Plasma-enhanced chemical vapor deposition system (PlasmaTherm
790) at a temperature of 250 °C. This is followed by masked deposition
of nickel to form the top electrode. Bilayer graphene grown on copper
foil (purchased from ACS Materials Inc.) [58] was transferred onto the
Si substrate by polymethyl methacrylate (PMMA) assisted wet transfer
process [59]. Graphene was p-doped and spin coated with the nano-
particles prior to PMMA coating. Doping was performed by spin-casting
AuCl3 dissolved (20mM) in nitromethane at 2000 rpm for 1min. Spin
coating of titania nanoparticles followed by silica nanoparticles are
performed to obtain a uniform coverage all over the doped graphene.
The fabricated graphene/Si devices are finally annealed in a tube fur-
nace with 1:9::H2:N2 at 400 °C for 3 h to remove the PMMA and for
better adhesion of graphene with the substrate. Prior to lamination,
long strips of copper tapes with adhesive lining was affixed on to the

Fig. 5. Bending analysis of the graphene/Si solar cell with light trapping structure. (a) Photograph of the solar cell under different bending conditions with various
radii of curvature. Variation of (b) open circuit voltage (Voc)and short circuit current density (Jsc) and (c) efficiency with increasing bending cycles.
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front and back contacts of the fabricated solar cell. For lamination, the
front side of the solar cell is placed face down onto a 25 µm thin
Polyethylene terephthalate (PET) sheet. The self-seal laminating layers
with adhesive lining are placed evenly onto the back of solar cell while
applying downward pressure. The entire device is firmly pressed sub-
sequently to smooth and seal the edges of the lamination without any
trapped air bubble.

4.4. Material and device characterization

Solar J-V characteristics are measured under one sun illumination
using a Keysight B1500A Semiconductor Device Analyzer. Solar J-V
characteristics are also measured by varying the incident angle of light
between 0° and 60°. Pseudo J-V characteristics are measured by Sinton
Instruments Suns-Voc standalone measurement set up. Experiments on
bending mechanism of the ultrathin flexible solar cells are performed
by a simplified motorized motion controller via computer peripheral.
External quantum efficiency and reflectance measurements are ob-
tained with a Tau Science FlashQE coupled with an integrated sphere,
and both are measured for the wavelength range of 400–1100 nm. SEM
images are taken in Zeiss ULTRA-55 FEG SEM.
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