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Abstract Graphene plasmonic resonances play a significant
role for enhancing the photon absorption inside thin film solar
devices. We investigate the field rising at the intersection of
graphene physics and plasmonics followed by analytical
methods in visible domain. The electromagnetic signature of
oblate-shaped silver and gold nanoparticles (smaller size) with
graphene-supported silicon substrate are analyzed under the
quasi-static approximation. The results show that the magni-
tude of scattering and surface plasmon resonances depend on
the aspect ratio, semi major axis length, and thickness of
graphene monolayer. We also analyzed the wavelength-
dependent photon absorption spectrum for optimized thick-
ness (1 nm) of graphene monolayer with aspect ratio (0.328)
of silver and gold nanoparticles under the AMI1.5 solar
spectrum.

Keywords Graphene plasmonic interaction - Scattering
efficiency - Metal nanospheroid - Graphene monolayer -
Surface plasmon resonances

Introduction

Graphene, a two-dimensional (2D) form of carbon called a
honeycomb lattice, has its unique optical, electric, magnetic,
mechanical, and thermal properties with a multitude of excit-
ing applications that are being actively followed by industry
and academia [1, 2]. The optical properties of graphene
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exhibit most idiosyncratic due to the linear dispersion relation-
ship between the energy and momentum over a wide range of
energy, rather than parabolic [3]. This fact explains the behav-
ior of electrons as mass less Dirac fermions (relativistic parti-
cles) that contributes to the graphene’s ultrahigh charge carrier
mobility >10° cm? V' 57! for both holes and electrons at
room temperature [2, 4, 5]. Further, graphene also behaves
as a gapless semiconductor with direct cones of its band struc-
ture which leads to promote the light absorption as well as
charge carrier generation across an ultrawide spectral range
from the ultraviolet to the terahertz [6]. Such broadband ab-
sorption is facilitated to enhance optical extinction spectra of
oblate-shaped metal nanoparticles (MNPs) in short wave-
length limit (visible region) [7, 8]. Furthermore, the optoelec-
tronic characteristics of graphene can be impressively tuned
by doping, controlling chemical potential or external gate
voltage, and using plasmonic technique at nanoscale [6, 9].
The above mentioned properties of graphene are highly tun-
able, and they make graphene a unique and distinguished sub-
stitute over other materials used in photonic manipulators such
as polarizers [10], capacitor [11], ultrafast lasers [12], modu-
lators [ 13, 14], transistors [15], photodetectors [16], plasmonic
components [17-20], and photovoltaics [9].

The coupling of graphene with plasmonic metals results in
a high quantum efficiency cell in which graphene acts as a
semiconductor as well as plasmonic material. Graphene has an
optical nonlinearity which is a very unusual plasmonic prop-
erty. The photonics and optics of graphene have been
reviewed in many more literatures in a comprehensive manner
[6, 9]. Graphene possesses itself an intrinsic plasmon which is
fascinatingly different from noble metal plasmon and speaks
for the substantial coupling with MNPs having tunable fre-
quency ranges from terahertz to visible [9, 21, 22]. Plasmons
are oscillations of electrons in conduction band that are loose-
ly bonded [9]. The frequency-dependent permittivity of metal
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nanostructure gives necessary condition for the resonance to
satisfy and is highly affected by the surrounding media. The
permittivity is written using the Drude Lorentz model which is
also size dependent and shape dependent [8, 23].

In this work, we have derived the optical constant of
graphene that depends on the parameters such as conduc-
tivity, thickness, and frequency. Further, graphene plas-
mon interaction including substrate effects is analyzed in
terms of forward scattering (FS) and surface plasmon res-
onances (SPRs) under quasi-static domain. The tunability
of SPR peaks depend on various parameters like aspect
ratio (hy/h,), semi major axis length (h,), and thickness of
the graphene monolayer (spacer). From literature, it is
found that tunability of surface plasmon resonance of
oblate-shaped MNPs lies in the wavelength range
800 nm up to 1200 nm [7], and resonant excitation of
light by the oblate-shaped spheroid lies in ultraviolet to
near visible domain [8]. For this present modeling system,
we are interested to increase the number of absorbed pho-
tons with the help of small MNPs (due to economically
viable) in 400-600-nm wavelength range because in this
region solar spectrum has high photon density. Forward
scattering efficiency from the oblate-shaped MNPs would
increase the photon absorption which improves the overall
efficiency of silicon wafer-based solar cells in the pres-
ence of graphene monolayer (GML). The optical con-
stants of silver and gold metal used in the present paper
have been taken from the literature [23-26].

Formulation of the Basic-Proposed Modal Form
Electronic and Optical Model of Graphene

The optical features of GML have been modeled as infinites-
imally thin, local two-sided surface expressed as a complex-
valued surface conductivity o(w, p., I, T) where w is radian
frequency, (. is chemical potential, I"is a phenomenological
scattering rate, and 7'is temperature. The frequency-dependent
surface conductivity for graphene can be expressed as a sum
of two terms that can be quantitatively described by the well-
known Kubo formula [10, 27, 28]

02p = Uintra(wa /,I,C,F, T) + Uinter(wy Mwa T) (1)

The first term of Eq. (1) is simplified corresponding to the
intraband electron-photon scattering and can be written as [28]

Uimm(w7 /1457 F? T)

eszT M M
i — | —= ) +1)].(2
lﬂﬁz(w*iﬂj) |:kBT n<exp( kBT> >] )
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The second term of Eq. (1) is simplified corresponding to
the interband transition contribution for Kz7'<<|u.| [28] and
can be approximately expressed as

e 2|pe|=A(w—i2I")

inter \W, cvraT =-i—1 -
Finer (@ 1 ) "amn " 2|pe| + Z(w—i2I)

3)

Where p. and I are the characteristic values, .. lies be-
tween 50 and 1000 meV and I'<1meV, and 7 is the reduced
Planck’s constant. After clear understanding of conductivity,
combining the concepts of ohm’s law and Maxwell’s equation
to find the expression of relative permittivity () in terms of
conductivity as [29, 30].

go(w) = so<l + i%) (4)
€o 1s the permittivity of free space and d is the thickness of
GML. The incident light propagates along the z direc-
tion, and hence the electric field is along x axis which
is impinged on hybrid graphene structure. The GML is
treated as an ultrathin layer with its optimized thick-
ness [31]. The modeled wavelength-dependent optical
constant of graphene with constant value of
e=100meV at room temperature is shown in Fig. 1
using Eq. (4).

Scattering and Absorption Cross Section of MNPs

The interactions of light with silver NPs including
graphene layer as a spacer are analyzed in terms of
polarisability. The schematic diagram of our modeling
device is shown in Fig. 2 which contains thin MNPs/
GML/Si wafer.

The calculation of polarisability has been done by solving
Laplace equation under electrostatic approximation, where the
particle size is much smaller than the wavelength of incident
light [8, 26, 32, 33].

Refractive index

400 500 600 700
Wavelength(nm)

Fig. 1 Variation of the real (1) and imaginary (k) parts of the refractive
index of graphene with wavelength at fixed value of graphene thickness
1 nm and chemical potential .= 100 meV
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Fig.2 Schematic diagram of thin A
film silicon solar cell structure
with oblate shape of silver and
gold NPs on top of a graphene
monolayer (GML)

Ag/Au Nano-particles

Normal incident light

Graphene mono-layer(GML)

The optical properties such as scattering and absorption are
studied in terms of polarisability tensor having 3 x 3 dimension as

aH 0 0
aij: OéH 0 (5)
0 o

Where, o and o, represent substrate supported parallel
and perpendicular polarisability of metal nanogeometry, re-
spectively, which can be expressed as

n (6)

aj| =egvy (G I
‘ "L € T (Ep_Eg)mH
L

The symbols €, is the dielectric constant of the graphene, v,
is the particle volume, €, is the dielectric constant of the silver
NPs, ¢, is the dielectric constant of the surrounding environ-
ment (air), and

_ (sg_sd ) (5p—5g)
L b 3(eg—ca) + (eg + (Ep—sg))m‘ ‘ ) v

’

L (7)

Where, Uy, =v,2v;v="hh,h (2(d+ hy))f3 is the normal-
ized parameter depends on chosen NPs size, [33] and &, &,
and k. are the semi axes of oblate-shaped (4, <h,=h,)
nanospheroid, 7 and m, are depolarization factors of the
NPs along the parallel and perpendicular direction, respective-
ly, which can expressed as

mH =5 (l=m,) (8)
_ 2
my = ; (¢-arctant) (9)

| >

Silicon thin film

E=]-%-1 (10)

and ¢ is the eccentricity of nanospheroid. The random orien-
tation of MNPs are taken into account to study the average
scattering and absorption cross section in terms of
polarisability as

2 2
Al B! 1 |
oK1 L - 11
<CSLat> 61 )3 aH + 3 aH + 3 |aL| ( )
(Capgp) = kIm ! a +l a +l|%| (12)
B
<Cextn> = <Cscat> + <Cabsp> (13)

Normalizing all three cross sections to their respective geo-
metrical cross section, we have found the expression of scat-
tering and absorption efficiency as

<Cscat>
= 14
Qscat ﬂ_hxhz ( )
(Canp)
Qabsp = thhz (15)
Photon Absorption

The number of photon absorption (N,;,) under the influence of
plasmonic effects can be expressed as [7, 34, 35].

Nap = [I(A) X Ny X Coear + I(A) X (1=N, X Coy) X A]
(16)

Where N, is the nanoparticle density with 10 % coverage
area, and /() is the incident light intensity under the AM1.5
solar spectrum [35]. Cy..s and C,,; are the scattering and
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extinction cross sections of oblate-shaped nanogeometry. The
absorption (A) of photon inside, thin film of silicon, is
expressed as

ST?
1-S?R?

RS*T?

A=1-|R+
1-S%R?

+

(17)

Where T and R are the transmission and reflection coeffi-
cients for Si wafer, respectively, and s=e * °, z is silicon
wafer thickness (1 um), and 3 is the absorption coefficient
[35] (http://www.pveducation.org/pvedrom/appendicies/

optical-properties-of-silicon).

Results and Discussion

For the absolute light trapping in GML-based thin film silicon
cell, forward scattering from the oblate-shaped MNPs is very
important which transmits the energy from localized surface
plasmons (LSPs) in the form of light. Scattered light after the
transmission from GML goes towards the Si wafer and hence
the effective path length of light increases. This enhanced path
length of light is responsible to improve the absorption of
photon in solar cell. The optical signature of MNPs substituted
at certain distance from the substrate is analyzed in terms of
SPRs. The tunability of these plasmonic resonances depends

on the nanogeometry of surrounding environment and spacer
thickness (GML).

Figure 3 shows the wavelength-dependent Q. spectra of
oblate-shaped silver and gold NPs at optimized thickness
(d=1 nm) of GML with different aspect ratio (ASR) ranges
from 0.17 to 0.40, respectively. The oblate-shaped silver and
gold NPs are defined as h,=h,=40nm and h,=ASRx h,
where k., h, are semi major axes of spheroid along x and z
axes, respectively, 4, is semi minor axis along y axis. As we
increase the ASR with constant value of d (spacer thickness)
and /., SPRs have wide range of tunability in the visible do-
main of electromagnetic spectrum (400 to 650 nm).

Generally, spheroid shape MNPs support three plasmonic
peaks along the three axes separately. Here, we have consid-
ered the oblate-shaped MNPs, where two of the three axes are
equal and hence only two SPR peaks are observed due to the
oscillation of conduction electrons along the two axes of nano-
particle. As we change the axes length or ASR, corresponding
SPR changes. In case of smaller ASR, oblate-shaped MNP
shows single SPR peak because for smaller ASR; MNP be-
haves like spherical nature, and hence the oscillation of elec-
trons occurs symmetrically. But for higher ASR, oblate-
shaped metal nanospheroid represents dual SPR peaks be-
cause the oscillation of electrons becomes axes length depen-
dent. The sensitivity of SPR peak depends on the ASR of
chosen nanogeometry, and it gets blue shifted for higher value

Fig. 3 Wavelength-dependent- a 12 i : . : : : : i : .
simulated scattering efficiency: a d= 1nm Aspect ratio= 047
oblate-shaped silver NPs and b 10+ h,= 40nm —0.25 i
oblate-shaped gold NPs, at the - g::
optimized thickness of GML 2 gl 04
d=1 nm with various aspect ratio 5
ranges from 0.17-0.40. For E 6l
oblate-shaped NP, semi major b
axis length is hy =h, =40 nm and G 4l
semi minor axis length is
hy=ASR xh, 5l M \ [\
0-— J‘_-M& . . N . |
410 420 430 440 450 460 470 480 490 500
Wavelength{nm)
b 1 2 T T T T T T T T T T
d=1nm Aspect ratio= 0.17
hz= 40nm 0.25
101 —0.32 1
—0.35
gl 0.4 i
o
£
3
£ -
<
& 4l ]
(<]
2} M A )\ .
N WiVl s S
410 42 430 440 450 460 470 480 490 500
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of ASR. For example, out of various ASR at ASR =0.32, the
two different scattering magnitude at different resonant wave-
length are observed. From Fig. 3a, we found the narrowband
peak at shorter wavelength (421 nm) and the broadband peak
at higher wavelength (456 nm) for silver NPs. As in case of
gold NPs, we observed the same characteristics of SPR peaks
at 431 and 467 nm for narrow and broadband, respectively, as
shown in Fig. 3b. The magnitude of Qscattering is higher
corresponding to broadband resonances as compared to nar-
rowband amplitude. The narrowband and broadband peaks
occur due to the oscillation of conduction electrons along
the minor and major axes of the oblate-shaped metal
nanospheroid. Individual SPR peak for narrowband as well
as broadband have been red shifted (as compare to silver spec-
trum) for all ASR ranging from 0.17 to 0.4 for gold NPs. This
happens due to the combined effects of graphene plasmon
interaction which supports high number of free electrons ex-
citation for surface modes at 431 and 467 nm (more dominat-
ing broadband) for ASR=0.32. The difference in broadband
resonant peak position between Ag and Au NP is 11 nm, and
narrowband peak is nearly 10 nm for ASR =0.32. From Fig. 3,
it can be concluded that, for ASR 0.32, d=1 nm and /#,=40-
nm, oblate-shaped silver NPs have higher scattering efficiency

and higher spectral width than gold NPs. This tunability and
the spectral broadening of SPR can be utilized to enhance the
photon absorption inside graphene-based thin silicon
substrate.

Figure 4a shows the scattering efficiency of an oblate-
shaped Ag NPs as a function of ASR with different values
of semi major axis length (h,=34, 36, 38, and 40 nm) at
resonance wavelength 456 nm having fixed thickness of
GML (TGML) that equals to 1 nm.

However, as the particle size increases, the scattering effi-
ciency also increases consistently; utilizing this property, we
can enhance light trapping in thin film Si solar cell [36]. As the
semi major axis length increases, we have found double dipole
peaks; one lies in lower ASR and other one in higher ASR
domain at resonant wavelength 456 nm. The dual resonant
peaks observed in the scattering spectrum are due to structural
anisotropic effects and collective excitation of the free elec-
trons which is low inside Ag NPs. Optical response of an
oblate-shaped Au NPs is plotted in terms of scattering effi-
ciency as a function of ASR, as shown in Fig. 4b. Significant
enhancement of this optical response is due to increment of
semi major axis length (h,=34, 36, 38, and 40 nm) of oblate-
shaped Au NPs at optimized value of GML (d=1 nm) and

Fig. 4 Scattering efficiency. a a b = 34nm T T T T T T T
oblate silver NPs and b oblate 10 ;- v4nm .
gold NPs, (nanospheroid) as a 36nm
function of ASR with different 38 nm
. . . 8 40 nm 4
values of semi major axis length o) _
h, =34, 36, 38, and 40 nm, at the £ d=inm
optimized thickness of graphene § 6 .
monolayer d=1 nm ©
Q
§ 4 :
2 - .
0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34
Aspect Ratio(hy/hz)
b 10 T T T T T T T T T
——h_=34nm
z
— 36nm
8 — 38nm
f=2)
£ 6l 40nm |
S d=1nm
: I
3
7] 4r 7
(e
|
2+ ) .
i j‘\
0 JA 1 L ! L L 1 L J\;‘_«.‘ e
0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34

Aspect Ratio(hylhz)
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resonance wavelength 467 nm. In this case, we found dual
plasmonic peaks with distinct scattering magnitude in two
different regime of ASR. Existence of these weak surface
modes due to occurrence of the high multipolar charge distri-
bution and high energy absorbed (high excitation of free elec-
trons) by Au NPs.

From Fig. 4, we also observed that magnitude of
Qscattering is dominated in the higher ASR side as compared
to lower ASR, because collective excitation of free electron is
higher along semi major axis than semi minor axis. In case of
nanospheroid, surface modes are highly dependent on incident
electromagnetic signature. Let us now discuss numeric value
of Qscattering of chosen MNPs at optimum value of
h,=40 nm, d=1 nm, and SPR wavelength 456 nm; we found
that the magnitude of Qscattering is around 1.8 (in lower
ASR) and around 10 (in higher ASR) for Ag NPs, while mag-
nitude of Qscattering is around 2 (in lower ASR) and around
5.3 (in higher ASR) for Au NPs. The entire scattering spec-
trum has been plotted using Eq. (14). Further, the most impor-
tant parameter is the TGML (d), which plays a pivot role to
study the forward scattering efficiency (FSE) of MNPs.

Figure 5a and b shows the GML thickness-dependent scat-
tering efficiency of oblate-shaped silver and gold NPs, respec-
tively, with fixed ASR=0.328 at h,=40 nm. The magnitude
of Qscattering increases gradually up to the 1-nm GML

thickness and after that it decrease consistently with d. For
d=1 nm, Qscat is maximum due to the optical sensitivity of
GML is high for low values of TGML [37]. In Fig. 6, we have
discussed the wavelength-dependent scattering spectra of
oblate-shaped Ag and Au NPs with optimized value of
ASR=0.328 and h,=40 nm. TGML directly influences the
magnitude of Qscattering and spectral width of surface mode.
It is also observed that the tunability of SPR peaks strongly
depends on the TGML.

From Fig. 6a, as TGML increases after 0.8 nm, we ob-
served double plasmonic peaks with two different scattering
magnitudes. Out of various TGML for Ag NPs, we choose
optimized thickness 1 nm where two SPRs are observed at
wavelength 436 and 456 nm, respectively. As TGML increase
beyond 1 nm, we found double SPR peaks with blue shifted as
well as low scattering magnitude. Figure 6b explains sensitiv-
ity of the optical response of Au NPs at 1 nm of GML thick-
ness. In this case, double plasmonic peaks are observed at
wavelength 446 and 462 nm. As TGML increases from 0.8
to 1.2 nm, characteristic SPR shifts move towards the lower
wavelength. It is observed that individual characteristic SPR
shifts are also blue shifted for gold NPs with low scattering
amplitude [38]. The narrow and broadband peaks highly de-
pend on the thickness of GML. The blue shifted narrowbands
corresponding to higher multipole excitation of electric field

Fig. 5 Scattering efficiency. a a 10 . . .
oblate silver NPs and b oblate Aspect ratio=.328
gold NPs as a function of the hz=40nm
thickness of graphene monolayer 8r T
“d” at h,=40 nm and -
ASR=0.328 £ 6t J
-
£
S
2 af ]
(<]
2+ i
0 1 1 1
0.5 1 1.5 2
Thickness of graphene monolayer 'd* (nm)
b 10 , : .
Aspect ratio=.328
hz=40nm
8 4
g
£ 6 J
[
3
S 4 .
(<]
2+ 4
0 T 1 T
0.5 1 1.5 2
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Fig. 6 Wavelength-dependent a
scattering efficiency of oblate (a) 12 - K T v T
silver NPs and (b) gold NPs, with Aspect Ratio=0.328 d=0.8 nm
different values of GML = 10 h,=40 nm 1nm
thickness d=0.8, 1 and 1.2 nm, c 1.2nm
hz=40 nm, and ASR=0.328 E 8
§ 6
8 4
2
430 440 450 460 470
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12} ' ' T ]
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and broadband correspond to dipolar excitation. This higher
order multipole excitation exists because of the excitation of
free electrons in conduction band which is not homogeneous
on the surface of the oblate-shaped MNPs due to eccentricity.

The overall photon absorption inside silicon substrate using
graphene plasmonic effects is plotted against the wavelength
under the influence of AM1.5 solar spectrum. The red curve is
for the available solar spectrum and black and green curves
representing the photon absorption for Au/GML/Si and Ag/
GML/Si system, respectively. From Fig. 7, it is clear how
TGML boosts the photon absorption performance as

compared to bare Si, Ag/Si, and Au/Si systems. We observed
that photon absorption spectrum of bare Si, Ag/Si, and Au/Si
was coinciding in the wavelength range 400 to 650 nm [7].
Since, there is no appropriate enhancement in photon absorp-
tion into Metal/Si thin film. In order to resolve this problem,
GML is introduced as a spacer between metal and Si wafers.
After introducing the GML, photon absorption capability has
been improved in the wavelength range 400 to 800 nm [39].
The enhancement in photon absorption is around 12 % after
introducing the GML as spacer in MNPs/GML/Si device
which is calculated using Eqgs. (16) and (17). This observed

Fig. 7 Absorption of photons in
a bare silicon, thin silicon wafer a4k
with integrating oblate-shaped Ag
and Au NPs, thin silicon wafer
with integrating oblate-shaped Ag
and Au NPs with GML by inte-
grating oblate-shaped Ag and Au
NPs. The selected parameters are
h,=40 nm, d=1 nm, and

ASR =0.328

Number of photons

T T T T T T

— Avaible in AM 1.5 spectrum

— Absorhed with hare §i —
Absorhed with Ag NPs/ Si

— Absorbed with Au NPs/ Si

— Absorhed with Ag NPs/ GML/ §i

— Absorhed with Au NPs/ GML/ Si -

| 1 | 1 | |

0
400 450

500 550 600 650 700 750 800
Wavelength (nm)
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improvement in device (MNPs/GML/Si) is due to high con-
ductivity of graphene (calculated form Eq. (1)). The scattering
of light with the MNPs (which are integrated on GML/silicon
substrate) enhances the effective path length of light and the
collecting excitation of free electron inside thin film of silicon
which improves all the characteristics of solar cell that gov-
erns by photons. All the photon absorption spectrum is plotted
using Egs. (16) and (17).

Conclusion

We developed an analytical method to study the scattering
efficiency of oblate-shaped silver and gold NPs integrated
on GML/silicon substrate. The thickness of GML is responsi-
ble to tune the SPRs in visible domain. The optical properties
of GML basically depend on the thickness of graphene, which
comes from electrical property (conductivity) of GML.
Further, scattering efficiency has been investigated under the
influence of ASR and TGML. Finally, it is concluded that the
SPR gets blue shifted with increase in ASR as well as TGML.
We have also analyzed that the high scattering efficiency oc-
curs at the optimum value of ASR, major axis length, and
TGML, which are responsible for the light trapping and en-
hance the number of absorbed photons in 400—700-nm wave-
length range into Si wafer because in this region the solar
spectrum having high photon density. Graphene leads to high-
ly efficient and inexpensive solar cells. Graphene-based plas-
monic solar cell forms a coupled resonant system that enables
high photon absorption near ultraviolet and visible domain
due to scattering and presence of resonant field. These optical
devices lay a foundation to future high efficiency with the help
of numerical techniques (DDA and FDTD).
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