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ABSTRACT: Previous simulations of photovoltaic devices are based on classical models,
which neglect the atomistic details and quantum-mechanical eﬀects besides the dependence
on many empirical parameters. Here, within the nonequilibrium Green’s function formalism,
we present a quantum-mechanical study of the performance of inorganic nanowire-based
photovoltaic devices. On the basis of density-functional tight-binding theory, the method
allows simulation of current−voltage characteristics and optical properties of photovoltaic
devices without relying on empirical parameters. Numerical studies of silicon nanowire-based
devices of realistic sizes with 10 000 atoms are performed, and the results indicate that
atomistic details and nonequilibrium conditions have a clear impact on the photoresponse of
the devices.
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doping on one side and n-type doping on the other side. A
linearly polarized light is applied to the system, and it is
assumed that only the device region is illuminated. Hamiltonian
adopts Coulomb gauge and is expressed as20−22

he increasing demand of renewable energy supply
motivates the searching for high-eﬃciency photovoltaic
devices.1−9 Semiconductor nanostructured photovoltaic devices
are a new generation of devices with high power conversion
eﬃciencies (PCEs). Recent studies found that the nanowirebased solar cell is able to achieve high PCE, which breaks the
traditional limit.1,2 To increase the eﬃciency of solar cells,
detailed knowledge of electron−hole generation upon photon
absorption and charge transport is required. Unfortunately, on
the nanoscale, theoretical prediction of performance of solar
cells is a formidable task. The main challenge comes from the
fact that the optical and electronic properties of the nanoscale
structures need to be described at a high level of accuracy, and
the atomistic details have important eﬀects on the performance
of devices. However, the majority of previous theoretical
methods are based on classical models (e.g., the dynamic
Monte Carlo approach10,11 and the drift-diﬀusion model12−14),
which fail to describe such devices with atomistic details and
quantum eﬀects. Besides, the classical models rely on many
empirical parameters, such as electron−hole generation
(recombination) rate and electron (hole) mobilities.12−14 It is
desirable to develop a quantum-mechanical microscopic
quantum theory for the description of nanoscale photovoltaic
devices. In our previous work, we developed a densityfunctional tight-binding (DFTB)-based15 nonequilibrium
Green’s function (NEGF)16−18 method to model electrical
response of nanoelectronic devices.19 Here the DFTB-NEGF
method is extended to include electron−photon interaction
and is applied to study the performance of novel nanoscale
photovoltaic devices.
The system we considered here is a two-terminal photovoltaic device with PN junction, which is formed by p-type
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where He employs the DFTB Hamiltonian without electric
ﬁeld, which allows for an eﬃcient construction of Kohn−Sham
(KS) Fock matrix, A is the time-dependent electromagnetic
vector potential, p is the electronic momentum operator, e is
the elementary charge, and m is the electron mass. The last two
terms in the previous equation can be expressed as Her and Hr,
which represent the electron−photon interaction Hamiltonian
and photon Hamiltonian, respectively. Her describes the
coupling between light and electron. It describes the photocurrent generation and radiative recombination process. In
general, the vector potential A has spatial dependence, that is,
A(r). However, the photovoltaic devices considered in this
work are on the nanoscale, which is much smaller compared
with the wavelength of the electric ﬁeld. The dipole
approximation is thus used where the spatial resolution of
radiation ﬁeld is neglected.
Under the dipole approximation, the second quantized
vector potential reads
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functions, G<,>
0 (E), are then used to construct the self-energy
∑<,>
(E)
and
device Green’s function including the electron−
er
photon interaction, that is

(2)

where μ̃ and ε̃ are relative magnetic and dielectric constants,
respectively; ϵ is the dielectric constant and ℏ is the reduced
Planck constant; c is the light speed; N is the number of
photons determined by the Bose−Einstein distribution
function; ω is the frequency of photon, and Fr is the
corresponding photon ﬂux, which is deﬁned as the number of
photon per unit time per unit area. a is the direction of A
determined by the polarization of the ﬁeld. b and b† are the
annihilation and creation operators of photon, respectively.
Within second quantization formalism, Her can be expressed in
terms of annihilation and creation operators in certain basis. In
the atomic basis set, this interaction Hamiltonian Her is
rewritten as
e
Her = ∑ ⟨μ|Her|ν⟩dμ†dν = ∑ A·⟨μ|p|ν⟩dμ†dν
m
(3)
μν
μν

Σ<er, >(E) = M[NG0<, >(E ∓ ℏω) + (N + 1)G0<, >
(E ± ℏω)]M

and the electron Green’s function at the lowest order with
respect to the electron-photon coupling reads
G<(E) = G0r (E)[i ∑ fα (E)Γα(E) + Σ<er (E)]G0a(E)
α

Iα =

≡

∑ Mμν(be

+be

Iαel =

∫ d2πE Tr[Σ<α (E)G>(E) − Σ>α (E)G<(E)]

(8)
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2π α

(9)

where T(E) = Tr[Γα(E)Gr0(E)Γβ(E)Gα0 (E)] is the transmission
coeﬃcient. Ielα is same as the expression of current for
noninteracting systems.24 The second term of the expression
of current Iα is the inelastic part, which is expressed as

)dμ†dν

μν

(4)

where M is the electron−photon coupling matrix. This
interaction Hamiltonian is similar to that of electron−phonon
coupling. Because both photons and phonons are bosons and
subject to Bose−Einstein statistics, their interactions with
electrons have similar properties. Thus, following the same
procedure in ref 23, the lesser and greater self-energies, ∑<er (E)
and ∑>er (E), due to electron−photon interaction, can be
expressed as

2e
ℏ
2e
≡
ℏ

Iαinel =

∫ d2πE Tr{Γα(E)G0r(E)Γeff (E)G0a(E)}
∫ d2πE Tinel(E)

(10)

where Tinel(E) is deﬁned as the inelastic transmission and Γeff
(E) = i{fα(E)∑>er (E) − [fα(E) − 1]∑<er(E)} can be regarded as
the Fermi-weighted self-energy. The expression of Iinel
α is similar
to that of Ielα except that the Fermi function is absorbed into the
Fermi-weighted self-energy Γeff(E). Iinel
α represents the photoninduced current, that is, the photocurrent. Because the electronphoton coupling matrix M is proportional to Fr1/2, the
photocurrent is then proportional to the incident photon ﬂux
Fr at lowest order expansion to self-energy. Optical-induced
transitions between valence and conduction bands are
accompanied by photon absorption, which means that the
electric current associated with this transition accounts for the
corresponding photon absorption.25,26 After some algebra, the
absorption ﬂux Fa can be derived as

Σ<er, >(E) = M[NG<, >(E ∓ ℏω) + (N + 1)G<, >(E ± ℏω)]M
(5)
<

2e
ℏ

where the factor of two arises from the spin degeneracy.
Substituting eq 7 into the above equation gives the expression
of the current Iα, which can be divided into two terms. The ﬁrst
term is the elastic part, which is

⎛ ℏ μ ̃ϵ̃ ⎞1/2
p
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Fr ⎟ (be−iωt + b†eiωt )a·⟨μ| |ν⟩dμ†dν
2Nωϵc ⎠
m
μν ⎝
† iωt

(7)

where Γα(E) is the line-width function due to coupling between
device and lead α; fα(E) is the Fermi−Dirac distribution
function of lead α;23 Gr0 (E) and Ga0 (E) are the retarded and
advanced Green’s functions, respectively. Then, the resulting
Green’s function and self-energy are used to evaluate the
current. Expression of current within NEGF formalism is24

where dν and d†μ are the corresponding annihilation and
creation operators of electron. The last equality in the above
equation is satisﬁed because the vector potential A is spatially
independent under the dipole approximation. Substituting eq 2
into the previous equation, we obtain the expression of
interaction Hamiltonian Her as

−iωt

(6)

>

where G (E) and G (E) are the lesser and greater electron
Green’s functions, respectively. It is noted that eq 5 is nonlinear
due to the fact that self-energies are dependent on Green’s
functions. Green’s functions and self-energies, in principle, have
to be calculated self-consistently. The number of iterations
depends on the electric ﬁeld strength. In cases of strong ﬁeld,
more iterations are expected in the self-consistent calculations,
while convergence can be readily achieved in a few steps when
the system is only weakly perturbed by the external ﬁeld.
Similar to that in ref 23, the lowest order expansion to the selfenergy ∑<,>
er (E) is employed in this work. This is justiﬁed by
the fact that the intensity of light is not strong and the typical
electron−photon interaction in the photovoltaic devices is
small. Therefore, the nonlinear eﬀects are not as important and
are neglected. First, a self-consistent solution of Hamiltonian
and charge density is obtained for the device without the
electron−photon interaction.19 This is done by solving the
Poisson equation within NEGF formalism. The bare Green’s

Fa(ω) =

2
ℏ

∫ d2πE TrN[MG0>(E)MG0<(E − ℏω)

− MG0<(E)MG0>(E − ℏω)]

(11)

Thus, absorptivity α(ω) is evaluated through Fa/Fr. α(ω) can
also be derived from the current−current correlation function,
which is given by Kubo−Greenwood formula.27 With the
absorption ﬂux, internal quantum eﬃciency (IQE), which is
deﬁned as the ratio of the number of electrons collected by the
1273
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band of silicon for the n-type SiNW. Upon connection of pdoped and n-doped SiNW, both the valence and conduction
bands bend and a potential diﬀerence is formed, giving rise to
the built-in potential across the junction. The built-in potentials
of about 1.13 and 1.10 V are observed at the interface for NWA and NW-B, respectively. When PN junction is illuminated by
light, an electron−hole pair is generated after absorbing a
photon. The electron ﬂows from the p-type region to the ntype region, owing to the built-in potential, while the hole
transports in the opposite direction, resulting in a photocurrent
generated in the PN junction. The direction of photocurrent is
opposite to the dark current, where electrons ﬂow from n-type
region to p-type region in the PN junction.
When forward bias is applied to the SiNW, the potential
diﬀerence across the junction is reduced. Figure 1b shows the
LDOS of NW-A with forward bias voltage 0.6 V. It is found
that the energy barrier for electron is largely reduced compared
with Figure 1a. Hence, when the forward bias voltage increases,
dark current increases as a result of energy barrier reduction.
When the forward bias voltage equals to the open-circuit
voltage, the dark current eventually oﬀsets the photogenerated
current.10
Figure 2 shows the I−V curves of the SiNW solar cells. The
black lines are dark currents, that is, the currents without light

photovoltaic device to the number of photons absorbed, can be
obtained.
In the numerical implementation, recursive Green’s function
(RGF) method is adopted to reduce computational complexity
and memory usage,28 which enables quantum-mechanical
simulation of realistic systems containing more than 10 000
atoms. There has been experimental evidence showing that
coherent length of electron−hole pairs in nanowires can be
much longer even at room temperature due to reduced
backscattering.29 Thus, the electron−phonon coupling and its
decoherence eﬀect are neglected to reduce the computational
costs.
Two silicon nanowires (SiNWs)-based PN junctions are
investigated, with cross section of 2 × 2 nm2 (NW-A) and 3 ×
3 nm2 (NW-B), containing 6656 atoms and 12 672 atoms in
total, respectively. Both SiNWs are 25 nm long and are oriented
in the [110] direction, which is the most common growth
orientation for small naowires.30 The surface of SiNW is
terminated by hydrogen to eliminate dangling bond. The
SiNWs are doped by Ga/As atoms to generate p/n-type doping
at two sides, resulting in a heterojunction. There are four
dopants for each type in the SiNWs, corresponding to 8.0 ×
1019 cm−3 doping concentration for each type in NW-A and
3.56 × 1019 cm−3 in NW-B. Temperature T = 300 K is used,
and the power of incident light is ﬁxed at 1 kW/m2 throughout
the simulation.
Figure 1 plots the local density of states (LDOS) of the NWA PN junction with 0.0 and 0.6 V forward bias voltage. The left

Figure 2. I−V curves of (a) NW-A and (b) NW-B with/without light
illumination. Monochromatic light is chosen with photon energy 2.5
eV, which is slightly larger than the VC band gap. Black lines show the
dark currents of PN junction. Red lines present the overall I−V
characteristics of the SiNW solar cells. Blue lines plot the PCEs of the
SiNW solar cells.

Figure 1. Local density of states of the NW-A with forward bias
voltage of (a) 0 and (b) 0.6 V. The bands bend at the interface X = 0
and form the built-in voltage across the junction. Forward bias voltage
pushes down the bands of p-type SiNW and turns on the PN junction.
① is the electron−hole generation by photon excitation; ② is the
electron/hole transport process driven by the build-in potential after
the photon excitation; and ③ is the electron/hole transport process of
dark current in PN junction under forward bias voltage that occurs as a
result of reduction of barrier under forward bias voltage.

illumination; the red lines are the illuminated currents under
monochromatic light illumination; the blue lines plot the PCEs
(deﬁned as the maximum output power divided by the incident
power of photon). The photon energy is chosen to be 2.5 eV,
which is slightly larger than the valence-conduction (VC) band
gap (2.2 eV for NW-A and 2.0 eV for NW-B). The VC band
gap is deﬁned as the energy diﬀerence between the conduction
band minimum of n-type SiNW and the valence band
maximum of p-type SiNW. The power of incident light 1
kW/m2 corresponds to 2.5 × 1021 m−2 s−1 photon ﬂux for this

side of SiNW is p-doped and the right side is n-doped. Figure 1
shows the density of states distributions in both energy and real
spaces. The positions of dopants can also be clearly visualized
in the LDOS plot. It is found that the dopant states appear
inside the band gap of the SiNW. For the p-type SiNW, the
states of dopants are slightly above the valence band of silicon,
while the states of dopants are slightly below the conduction
1274
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photon energy. The calculated short-circuit currents of NW-A
and NW-B are 2.33 and 4.19 mA/cm2, respectively, and the
open-circuit voltages of NW-A and NW-B are 0.62 and 0.66 V,
respectively. The current density is obtained through dividing
current by the projected area, that is, the area of SiNW under
light illumination, for instance, 2 × 25 nm2 for the NW-A. It is
noted that the simulated open-circuit voltages of the SiNW
solar cells are lower than those of conventional photovoltaic
devices, which can be close to the built-in voltage. This is
attributed to the tunneling dark current, which is signiﬁcantly
larger in these nanostructures. The high doping concentration
results in a shortened depletion layer, leading to enhanced
tunneling current through the energy barrier before the ﬂat
band condition is reached, leading to a lower open-circuit
voltage. This also explains the lower open-circuit voltage in
NW-A compared with NW-B, owing to the higher doping
concentration in NW-A. In experiment, an intrinsic layer can be
introduced into the depletion region to reduce the tunneling
current.31
Using eq 11 and the incident photon ﬂux, we evaluated the
absorptivity of the SiNWs. The calculated absorptivity of
photon in NW-A is αA = 6.5%. The low absorptivity can be
attributed to the small cross section of the studied nanowire,
which is signiﬁcantly smaller than the penetration depth of
silicon. For comparison, the absorptivity of photon in NW-B is
αB = 12.4%, which is larger than αA as a result of larger
absorption depth. Experimentally, the absorptivity can be
enhanced by antireﬂection and light-trapping techniques.32−34
Considering the absorptivity of photon, the maximum
photocurrents that NW-A and NW-B can generate are 2.58
and 4.97 mA/cm2, respectively, given by the following
expression
Imax(ω) =

ePin
α(ω)
ℏω

Figure 3. Short-circuit currents with respect to photon energy. The
VC gaps of NW-A and NW-B are 2.2 and 2.0 eV, respectively. The
nonvanishing short-circuit currents in the energy range below the gaps
arise from dopant states within the gap.

band gap, there is almost no photocurrent because photon does
not have enough energy to generate electron−hole pair. The
simulation results show an onset of photocurrents at 1.9 (NWA) and 1.7 eV (NW-B), which is lower than the corresponding
VC band gaps. Because there are dopant states in the VC band
gap, as indicated by Figure 1, photon with energy matching the
energy diﬀerence between the n-dopant states and p-dopant
states can excite electrons from p-dopant states to n-dopant
states. Consequently, photocurrent is generated. This phenomenon cannot be observed in classical models, where the dopants
are usually considered as an average eﬀect distributed evenly
over the host material. Hence, the photocurrent observed in the
energy range below the VC band gap is the manifestation of
atomistic details of the nanoscale device. It indicates the
importance of considering atomistic details. When the photon
energy is larger than the gap, photon can be absorbed in a wide
range. As a result, the short-circuit current increases with the
photon energy as a general trend except small ﬂuctuation.
Because the density of states varies in the energy space,
photocurrent is suppressed if the photon excitation of electron
from valence band to conduction band meets low density of
states, resulting in the ﬂuctuation in the short-circuit current.
With the experiment realization of single nanowire photovoltaics,31 much eﬀort has been devoted to study the
performance of nanowire-based photovoltaic devices. Also,
the area of molecular optoelectronics has gained much
attention recently.35 The interactions of these devices with
light can be described by the quantum-mechanical method for
nanoscale photovoltaic devices presented in this work. The
method can also be extended to study the thin-ﬁlm devices by
incorporating 2-D periodic boundary condition with k-point
sampling along the thin-ﬁlm plane. Moreover, applications of
this method are not limited to photovoltaic devices; it can also
be used to investigate nanoscale optoelectronics and related
nanoelectronics, such as photodetectors and photosensors.36,37
In nanostructured materials, atomistic details, quantum eﬀects,
such as conﬁnement, and interference eﬀects are playing
important roles in determining the overall performance. The
quantum-mechanical method presented in this work provides
an eﬃcient research tool for theoretical studies of these
nanoscale optoelectronic materials and devices. Recently, a
hybrid method that combines quantum mechanics (QM) and
electromagnetics (EM), the QM/EM method, has been
developed to investigate the interaction between charge and
electromagnetic ﬁeld in novel electronic devices.38−40 By

(12)

where Pin is the power of the incident light. Hence, the IQEs of
the NW-A and NW-B are 90.4 and 84.1%, respectively. The
IQEs are <100% due to electron−hole recombination. This
recombination loss can be observed in the inelastic transmission Tinel(E), which corresponds to positive values in the
inelastic transmission, while the electron−hole generation
corresponds to negative values. The diﬀerence between the
IQEs of the two SiNWs is caused by their diﬀerent VC band
gaps. Because of the lower VC band gap, the monochromatic
light in the current study excites electrons in NW-B to higher
energies with respect to the conduction band edge. The higher
DOS gives rise to a higher recombination rate and results in a
lower IQE.
In Figure 2, it is noted that the illuminated currents vary
before the kink point, especially in NW-A. This is caused by the
change of the electronic structure under nonequilibrium
condition, which aﬀects the absorption of photon in return.
In contrast with the classical models where the electronic
structure far from equilibrium and voltage-dependent photon
absorption are neglected, the optical properties of the SiNWs
and hence the illuminated currents are changed upon the
applied bias voltage. This can be regarded as a ﬁngerprint of the
nonequilibrium eﬀect on the photocurrent, which is out of the
scope of previous classical descriptions.10−14 This demonstrates
the needs of microscopic quantum-mechanical method for
correct description of photovoltaic devices.
Figure 3 gives the short-circuit currents with respect to
photon energy. When the photon energy is smaller than the VC
1275
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incorporating the current quantum mechanical formalism, the
multiscale QM/EM method could be applied to eﬀectively
evaluate the performance of photovoltaic devices of more
realistic dimensions.
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