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ABSTRACT: The unique optical properties of nanometallic structures can be
exploited to conﬁne light at subwavelength scales. This excellent light trapping is
critical to improve light absorption eﬃciency in nanoscale photovoltaic devices.
Here, we apply a multiscale quantum mechanics/electromagnetics (QM/EM)
method to model the current−voltage characteristics and optical properties of
plasmonic nanowire-based solar cells. The QM/EM method features a
combination of ﬁrst-principles quantum mechanical treatment of the photoactive
component and classical description of electromagnetic environment. The
coupled optical-electrical QM/EM simulations demonstrate a dramatic enhancement for power conversion eﬃciency of nanowire solar cells due to the surface
plasmon eﬀect of nanometallic structures. The improvement is attributed to the
enhanced scattering of light into the photoactive layer. We further investigate the
optimal conﬁguration of the nanostructured solar cell. Our QM/EM simulation
result demonstrates that a further increase of internal quantum eﬃciency can be
achieved by scattering light into the n-doped region of the device.

P

demonstrated that light could be eﬀectively trapped within
the photoactive layer,5 thereby increase the optical path
length.6−8 The increase of optical path length not only
enhances optical absorption but also allows the use of a larger
variety of materials, including those with lower abundance and
carrier diﬀusion length. An eﬀective method for achieving light
conﬁnement in nanostructured solar cells is the use of metallic
nanostructures that support localized surface plasmon resonances.5 The ﬁeld of plasmonics is developing rapidly and has
emerged as a new area for materials and device research.
Surface plasmons refer to the collective excitations of
conduction electrons at the interface between a metal and a
dielectric, resulting in strong ﬁeld localization.9 By proper
engineering of these nanostructures (e.g., materials, geometries,
sizes, and geometrical arrangements), light can be concentrated
and scattered into the photoactive layer, thereby enhancing the
optical absorption of solar cells.10 Here, the metallic
nanostructures act as an antenna that converts incident energy
from sunlight to localized surface plasmon modes. Experimentally, enhanced PCEs have been demonstrated for organic
solar cells doped with silver nanoparticles due to associated
plasmonic near-ﬁeld eﬀects.11,12 Lindquist et al. improved
absorption eﬃciency of organic solar cells using a plasmonic
nanocavity array formed by the local ﬁeld enhancement of a

hotovoltaic technology converting solar energy into
electricity is being recognized as an essential component
of future renewable energy production.1 This in principle can
provide an unlimited amount of energy to the world. For
decades, silicon has been the material of choice and has
dominated the photovoltaics market. Power conversion
eﬃciencies (PCE) of over 25% have been realized in siliconbased solar cells.2 Due to the low-absorbing nature of silicon,
cell thickness on the order of a few hundred micrometers is
usually required to achieve high eﬃciency, which constitutes
the major cost component of photovoltaic modules. For largescale implementation of photovoltaic technology, the cost of
photovoltaic modules has to be further reduced and
tremendous amount of eﬀort has been made to reduce the
material usage. Nanostructured photovoltaic devices based on a
variety of semiconductor materials may oﬀer a viable way
toward this goal and thereby have attracted increasing
attention. In particular, nanowire-based solar cells have been
recognized as promising candidates for third-generation
photovoltaics. Recent studies demonstrated the ability of
nanowire-based solar cells to achieve high PCE, which breaks
the traditional Shockley−Queisser limit.3,4 Although the
shrinkage of device dimensions in nanowire solar cells is
beneﬁcial for the reduction of active material required and the
charge carrier collection, it leads to poor optical absorption.5
Advanced antireﬂection and light trapping schemes had been
developed to overcome the low optical absorption problems.
By integration of photonic nanostructures, it had been
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patterned metal anode.13 Plasmonic enhancements have also
been applied to inorganic solar cells14 and dye-sensitized solar
cells.15,16
Despite its success, many of the underlying physical
mechanisms have not been studied systematically. In particular,
most of the theoretical descriptions of plasmonic solar cells
neglected the coupled optical−electrical processes. These
studies involved only electromagnetic modeling of optical
absorption with the assumptions of ideal carrier transport.17 On
the other hand, there exist classical methods based on the
dynamic Monte Carlo approach18,19 and the macroscopic
continuum device model20,21 to study the performance of solar
cells. Up until recently, there have been few theoretical works
carried out to study the multiphysics process in plasmonic solar
cells.22−24 However, these approaches rely on many empirical
parameters, including carrier mobilities, dielectric functions,
and electron−hole generation and recombination rates. To
predict and, hence, optimize the performance of plasmonic
solar cells, accurate descriptions of the optical and electronic
properties of these nanostructures are inevitable.
Recently, we have developed a quantum mechanical method
based on nonequilibrium Green’s function (NEGF) techniques
to describe electron−photon interactions in nanoscale
systems.25 The method has been applied to study the
performance of nanowire-based photovoltaic devices. Nevertheless, plasmonic solar cells involve processes that couple light
both with nanometallic structures and semiconducting photoactive layers. A full quantum mechanical description of the
entire system is thus computational challenging.26 There have
been some hybrid approaches proposed to study plasmon/
molecule systems.27−29 In this paper, we applied the QM/EM
method30−33 to model the current−voltage characteristics and
optical properties of plasmonic nanowire-based solar cells.
Here, classical electrodynamics of a silver nanoparticle is
directly coupled to quantum mechanical simulations of siliconnanowire-based p-n junctions. We found a dramatic enhancement in PCE of nanowire solar cells due to the near-ﬁeld eﬀect
of plasmonic structures. In particular, we found that an increase
of ∼70% in internal quantum eﬃciency (IQE) by coupling light
into the n-doped part of the device as compared to the p-doped
counterpart.
We consider a photovoltaic device comprising of a metallic
nanoparticle and a nanostructured solar cell. The multiscale
QM/EM method combines a classical electrodynamics
description of plasmon excitation in the nanoparticle and a
quantum mechanical treatment of optical and electrical
processes in the photoactive component of the device, which
is identiﬁed as the QM region. Classical electrodynamics
simulation of the whole device is ﬁrst performed based on the
ﬁnite volume method (FVM) to determine its electromagnetic
properties.31,32,34,35 The device is discretized into small
rectangular building blocks each characterized by a frequencydependent dielectric permittivity, ε, and a magnetic permeability, μ, where these material properties are assumed to be
uniform inside each building block. A source generating
continuous plane wave electromagnetic ﬁeld at particular
frequency is modeled by invoking an inﬁnite current sheet on
the surface perpendicular to the propagation direction.36 This
incident ﬁeld is irradiated on the system and interacts with the
nanoparticle, creating an enhanced surface local ﬁeld. The
boundary surfaces are truncated with Mur ﬁrst-order absorbing
boundary conditions to avoid reﬂections.37,38 In addition, a
static bias potential is applied at the boundary where electrical

contacts of the solar cell are located and a standard driftdiﬀusion model is adopted to describe the semiconductors in
the device. The Maxwell equations in potential representation32
∇·[ε( −∇V − iωA⃗ )] − ρ = 0

(1)

⎤
⎡1
∇ × ⎢ (∇ × A⃗ )⎥ − [J ⃗ + iω(ε( −∇V − iωA⃗ ))] = 0
⎦
⎣μ
(2)

are then solved in the frequency domain to obtain the scalar
potential V, vector potential A⃗ , and current density J.⃗ ρ denotes
the charge density. ω is the frequency. Coulomb gauge is
adopted and thus ∇ · A⃗ = 0. The scalar potential V and vector
potential A⃗ are related to electric ﬁeld E⃗ and the magnetic
induction B⃗ as
B⃗ = ∇ × A⃗

(3)

E ⃗ = −∇V − iωA⃗

(4)

The electrodynamics of the device is coupled with a quantum
mechanical treatment of the photoactive component based on
NEGF method.25 The scalar potential V and vector potential A⃗
in the QM region are employed as input for the subsequent
quantum mechanical simulations. Speciﬁcally, under Coulomb
gauge, the interaction of electrons and photons is given by
Hep =

e ⃗
A ·p ⃗
m

(5)

Here, A⃗ is the external electromagnetic vector potential
obtained from the classical electrodynamics simulations.
Equation 5 describes the coupling between photons and
electrons and gives rise to photoexcitation of electron−hole
pairs and their radiative recombination. p⃗ is the electronic
momentum, e and m are the elementary charge and electron
mass, respectively. In addition, the static potential V at the
surfaces enclosing the QM region is employed as boundary
condition to solve Poisson’s equation for the electrostatics
inside. In our previous work, we neglected the spatial
distribution of vector potential A⃗ because the systems studied
are much smaller compared to the wavelength of external
ﬁeld.25 The vector potential thereby is assumed to be constant
over the system. However, due to the subwavelength optical
conﬁnement nature of surface plasmons, the external electromagnetic ﬁeld can be scattered below the diﬀraction limit. We
therefore explicitly consider the spatial dependence of vector
potential in this work. The vector potential, A⃗ obtained from
classical electrodynamics simulations is expressed in second
quantized form
⎛ ℏ με̃ ̃ ⎞1/2
A⃗ (r, t ) = a ⃗⎜
Iω⎟ (be−iωt + b†eiωt )
ωε
2
N
c
⎝
⎠

(6)

where μ̃ and ε̃ are relative magnetic and dielectric constants,
respectively; ℏ is the reduced Planck constant; c is velocity of
electromagnetic ﬁeld; N is the number of photons following the
Bose−Einstein statistics; Iω is the corresponding photon ﬂux,
which is deﬁned as the number of photons per unit time per
unit area. a⃗ gives the polarization direction of A⃗ . b and b† are
the annihilation and creation operators of photons, respectively.
Applying perturbation theory, the electron−photon interaction
25,39
in eq 5 can be expressed through self-energies ∑<,>
ep ,
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Σ<ep,>(E) = M[NG<, >(E ∓ ℏω) + (N + 1)G<, >(E ± ℏω)]M
(7)

where M is the electron−photon coupling matrix, and its matrix
elements are given by
Mμν

⎛ ℏ με̃ ̃ ⎞1/2
p⃗
= e⎜
Iω⎟ a ⃗ ·⟨μ| |ν⟩
m
⎝ 2Nωεc ⎠

(8)

and G<(E) and G>(E) correspond to lesser and greater Green’s
function, respectively, and are given by
G<, >(E) = Gr (E)[∑ Σ<α , >(E) + Σ<ep,>(E)]Ga(E)
α

(9)

∑<,>
α (E)

where
are the self-energies accounting for the coupling
to the αth electrode. Gr(E) and Ga(E) are the retarded and
advanced Green’s functions, respectively. Because the system
studied in this work is small compared to the coherence length,
electrons are assumed to pass through the device without being
scattered by phonons. In fact, there are experimental works
demonstrate that coherence length of carriers in nanowires can
be much longer even at room temperature due to reduced
backscattering.40 Thus, the electron−phonon coupling and its
decoherence eﬀect are neglected to reduce the computational
costs. Finally, the resulting Green’s functions and self-energies
are used to evaluate the current at electrode α,
Jα =

2e
ℏ

∫ 2dEπ Tr[Σ<α (E)G>(E) − Σ>α (E)G<(E)]

Figure 1. Schematic diagram of a plasmonic photovoltaic device for a
coupled optical−electrical QM/EM simulation. The system contains a
silver nanosphere and is placed 2 nm above a silicon nanowire. The
diagram is overlaid with the contour of surface localized ﬁeld generated
by the silver nanosphere.

factor of electric ﬁeld strength with respect to incident light
frequencies ω at two given positions marked in Figure 1. The
enhancement factor of electric ﬁeld strength is deﬁned as

(10)

Γ(ω) =

Here, the ﬁrst term in the integrand is interpreted as the rate of
electrons leaving from system to the αth electrode and the
second term corresponds to the rate of electrons entering the
system from the αth electrode. In this work, the eﬀect of
electrical properties of the solar cell on the optical response of
the metal nanoparticle is assumed to be small; thus, the back
coupling of quantum simulations on the electrodynamics is not
considered. In general, this can be done by invoking current
from eq 10 as input to the electrodynamics simulations.33
Finally, the J−V characteristics and, hence, PCE of the solar cell
can be determined by varying the bias potential at the electrical
contacts of the cell.
We apply the multiscale QM/EM method to model a
plasmonic photovoltaic device and study the eﬀect of optical
enhancement on its PCE. The system contains a 10 nm
diameter silver nanosphere and a silicon nanowire (SiNW) as
the photoactive component of the solar cell as shown in Figure
1. The nanosphere is located 2 nm above the SiNW, so the
quantum tunneling between them can be neglected.41−43 The
entire simulation box with a dimension of 42 × 30 × 30 nm3 is
discretized into small building blocks with the minimum
building block size is 0.016 nm3. Each building block is
characterized by ε and μ values based on its constituent
material. The values of ε and μ for silver and silicon are
obtained from experiment31,44 and ε = 1 for the surrounding
medium. An inﬁnite current sheet is applied on the surface at y
= −15 nm to provide a continuous incident light source with
irradiance of 1000 W/m2 propagating in y direction.
The interaction of incident light with the nanosphere leads to
surface plasmon excitations. Figure 1 plots ﬁeld strength
distribution displaying enhancement of local electromagnetic
ﬁeld around surface of the silver nanosphere. The ﬁeld is highly
localized at the nanosphere and decays rapidly away from the
metal/dielectric interface. Figure 2a shows the enhancement

⃗ (ω)
Esca
E0⃗ (ω)

(11)

where E⃗ sca(ω) is the scattered electric ﬁeld and E⃗ 0(ω) the
incident ﬁeld. At both positions X1 and X2, a feature peak
centered at around 3.4 eV is observed in Figure 2a, which
corresponds to resonant excitation of the dipole surface
plasmon of the silver nanosphere.27,29 It is expected that the
ﬁeld strength should decrease as distance from the silver
nanosphere increases, showing the evanescence nature of
surface plasmons. Figure 2b−d show the ﬁeld distributions in
the QM region where the photoactive component of the device
located. The incident light frequency is set at 3.0 and 3.4 eV,
which correspond to the oﬀ-resonance and on-resonance
frequencies of the silver nanosphere, respectively. The incident
light has a polarization direction along the z axis. As manifested
from the simulated ﬁeld distribution, the optical conﬁnement
nature of the silver nanosphere concentrates light into
subwavelength region near its surface. At on-resonance
frequency of 3.4 eV, a maximum ﬁeld enhancement of 7 is
found near the surface of the SiNW and decays away from the
nanosphere. As shown in Figure 2b, the enhancement reduces
substantially as light frequency moves away from resonance. By
directing more incident light into the photoactive component,
the optical absorption capability can be signiﬁcantly increased.
The QM region encloses a SiNW of dimension of 2 × 2 × 25
nm3. The atomistic model contains 6656 atoms and is oriented
in [110] direction. The surface of SiNW is passivated with
hydrogen atoms to eliminate dangling bond. To form a p-n
junction, four Ga and four As atoms are explicitly doped in the
system, giving a doping concentration of about 8.0 × 1019 cm−3
and a built-in potential of about 1.13 V across the junction.
Experimentally, growth of single-crystal silicon nanowires with
diameters approaching molecular dimensions has been
reported.45 In addition, nanowires with widths down to 4 nm
have been fabricated by means of lithography.46 This top-down
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Figure 2. (a) Enhancement factor of electric ﬁeld strength near the metallic nanosphere at diﬀerent observation points marked in Figure 1. Contour
plot of ﬁeld strength enhancement in the QM region (b) with photon energy = 3.0 eV and d = 0 nm, (c) photon energy = 3.4 eV and d = 0 nm, and
(d) photon energy = 3.4 eV and d = 3 nm.

approach shows the possibility of device fabrication based on
the p−n junction nanowire used in this work.
To describe electronic structure of the silicon nanowire, we
employ a density functional tight-binding (DFTB) Hamiltonian. DFTB is an approximate density functional theory
method, based on the second-order expansion of the Kohn−
Sham energy functional with respect to a reference density. In
this work, we have used the “pbc-0−3” parameter set for silicon
which has been successfully applied to study silicon clusters.47
For the full details of DFTB, we refer the interested readers to
ref 48. We ﬁrst simulate the photocurrent of the device at zero
bias voltage and ambient temperature is assumed. The
dependence of short circuit current Jsc versus incident light
frequency is shown in Figure 3. Obviously, Jsc roughly correlates

increased only by 37%. In contrast, a 15 times enhancement
of Jsc is obtained when light is polarized in z direction.
With the enhancement of Jsc, it is interesting to study the
actual device performance. In the simulations, the plasmon
resonance frequency of 3.4 eV is chosen, which shows the
largest optical enhancement. The light intensity at the selected
frequency is about one-third of the average light intensity in the
visible part of AM 1.5G solar spectrum. To tune the plasmon
resonance wavelength to the visible region, plasmonic
structures with diﬀerent materials, shapes, sizes, and geometrical arrangements can be used. Experimentally, this has
been adopted for broadband plasmonic absorption enhancements in realistic devices.49 The J−V characteristics of the
photovoltaic device are shown in Figure 4. For comparison, the

Figure 3. Short-circuit currents Jsc of the plasmonic solar cell versus
incident photon energy.

Figure 4. J−V characteristics of SiNW solar cell illuminated by the
monochromatic light of frequency 3.4 eV. Black line: without
nanosphere. Red line: with nanosphere at d = 0 nm. Blue line: with
nanosphere and d = −7 nm. Green line: with nanosphere at d = 3 nm.

with the local ﬁeld enhancement as plotted in Figure 2a. Upon
light illumination, an electron−hole pair is generated in the
nanowire when a photon is absorbed. Due to the built-in
potential of p−n junction, electrons ﬂow from the p-doped
region to the n-doped region, whereas holes transport in the
opposite direction, resulting in a photocurrent. At resonance
frequency, the increased photon ﬂux due to local ﬁeld
enhancement generated by surface plasmons substantially
improves the optical absorption in the photoactive component.
The enhanced absorption is followed by a higher generation
rate of electron−hole pairs and results in an increase of
photocurrent. To investigate the eﬀect of polarization direction,
we also simulate Jsc of the plasmonic device illuminated with
light polarized in x direction at resonance frequency. When
incident light is polarized in x direction, the enhanced ﬁeld is
mainly distributed in the horizontal positions near the surface
of nanosphere. Thus, the total irradiance on the nanowire is
substantially reduced and the plasmonic enhanced Jsc is

J−V characteristics of a reference device without silver
nanoparticles are also plotted. The devices are under
illumination of monochromatic light with frequency of 3.4
eV. Summarized in Table 1 are quantitative details of the device
Table 1. Electrical Performance Characteristics of Plasmonic
SiNW Solar Cell Compared with a Reference Cell without
Silver Nanospheres

without nanosphere
10 nm nanosphere at d = 0 nm
10 nm nanosphere at
d = −7 nm
10 nm nanosphere at d = 3 nm
4413

JSC
(mA/cm2)

VOC
(V)

ﬁll
factors

PCEs
(%)

2.49
37.54
21.27

0.54
0.62
0.6

0.65
0.6
0.59

0.9
13.9
7.5

40.92

0.63

0.62

16.1
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Figure 5. Dependency of IQE (a) and absorptivity (b) on the displacement d (deﬁned as in Figure 1). Black line: illuminated light frequency of 3.4
eV. Red line: illuminated light frequency of 3.0 eV.

here) show that eﬀective mass of minority carriers in p-doped
SiNW is about 33% larger than that in n-doped SiNW. This
suggests that mobile carriers in n-doped silicon have a longer
lifetime and diﬀusion length, which is in agreement with
previous experiments.50−52 Figure 4 shows also the J−V
characteristics when the nanosphere is placed at diﬀerent
positions. Due to the diﬀerence in IQE, a further enhancement
in PCE of the device is observed when the nanosphere is
positioned at d = 3 nm, whereas the performance degrades
when the nanosphere is positioned at d = −7 nm (see also
Table 1).
In conclusion, we apply a multiscale QM/EM method to
study the performance of plasmonic solar cells. Combining a
classical description of plasmonic nanostructure and quantum
mechanical treatment of photoactive component, we determine
the device performance and optical parameters of a SiNW solar
cell. Through incorporating a silver nanosphere, we demonstrate enhancement of light scattering into the photoactive
component due to surface plasmon excitation, and increased
optical absorption leads to a dramatic improvement of the PCE
of a SiNW solar cell. In addition, the spatial dependence of the
local enhanced ﬁeld is investigated and IQE can be improved
by scattering light into the n-doped region of the device,
leading to the longer lifetime and diﬀusion lengths of mobile
carriers.
Nanowire solar cells can be made from individual nanowires
or arrays. The model used in this work enables studies of
fundamental processes and understanding transport, doping,
and charge separation properties in nanowire-based solar cells.
The setup in this work can be realized in experiments by
putting the nanometallic structures in close proximity to
nanowires lying ﬂat on a substrate or in between nanowires in
cases of nanowire array solar cells. In both cases, with light
shining from the top, the nanometallic structures are expected
to eﬀectively conﬁne light into the photoactive unit. At the
device level, there are many factors aﬀecting the performance of
solar cells. Many further studies of plasmonic solar cells can be
carried out, including losses of light due to multiple plasmonic
particles and light trapping eﬀect in array geometries. The
multiscale approach presented in this work is well suited to
address these issues.
The present work demonstrates the multiscale QM/EM
method as an eﬃcient simulation tool to describe the coupled
optical−electrical processes in plasmonic devices. This is useful
for understanding the mechanism of their energy conversion
and helpful for improving the design of next generation solar
cells. The QM/EM method can be extended to include selfconsistently the back coupling of quantum mechanical

performance. Overall, the reference device demonstrates a PCE
of 0.9%, Jsc of 2.49 mA/cm2, open-circuit voltage (Voc) of 0.54
V, and a ﬁll factor (FF) of 0.65. Meanwhile, in the presence of
silver nanosphere (placed in the middle), the device shows a
PCE of 13.9%, Jsc of 37.54 mA/cm2, Voc of 0.62 V, and a FF of
0.60. In comparison, the plasmonic device shows substantial
improvements to Jsc and PCE, both exceeds 15 times. However,
it should be noted that although the nanosphere used in the
simulation leads to remarkable improvements of PCE, it
possesses only a single resonant peak, which limits the PCE
enhancement to a narrow range of the solar spectrum. To
further improve the performance, nanoparticle of various
shapes can be used for broadband plasmonic absorption.49
In previous section, we demonstrate a dramatic improvement
of device performance due to strong local ﬁeld enhancement of
plasmonic eﬀect. The subwavelength optical conﬁnement of
surface plasmons has lead us to study spatial dependence of
enhanced electromagnetic ﬁeld on the device performance. We
displace the nanosphere in the lateral direction as shown in
Figure 1. The enhanced ﬁeld distribution in QM region for d =
3 nm is shown in Figure 2d, which is essentially a rigid shift
following the displacement of nanosphere. We further
investigate in Figure 5 the dependence of optical absorption
and IQE on the nanosphere displacement at both on-resonance
and oﬀ-resonance frequencies. The results at both frequencies
show that although absorption exhibits a weak dependence on
the nanosphere displacement, there is a maximum of about 70%
increase in IQE when the nanosphere is placed near the ndoped region compared to the p-doped region as shown in
Figure 5a. Physically, upon absorption of a photon, an
electron−hole pair is generated. The results shown in Figure
5b imply a similar carrier generation rate when the nanosphere
is placed at diﬀerent positions. The electron−hole pair then
either separates over the built-in potential in the space charge
region of the p−n junction or recombines. In the former case,
electrons and holes are collected at opposite electrodes, a
process that gives rise to photocurrent. The latter results in
energy loss through radiative decay. IQE describes the ratio of
the number of charge carriers collected to the number of
photons absorbed by the solar cell. From our simulations, a
higher IQE is found when most electron−hole pairs are
generated at the n-doped side. Thus, we expect carriers
generated there to diﬀuse more eﬀectively to electrodes and,
hence, with a lower recombination rate compared to those
generated at the p-doped counterpart. We further calculate the
bandstructures using DFTB method for a p-doped and an ndoped silicon nanowires separately and extract eﬀective masses
of the minority carriers in each case. Our results (not shown
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