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We apply the finite-difference time-domain method to numerically calculate the enhanced
optical absorption of three nanostructures (i.e. nanorod, nanocone, and nanolens arrays) that
were decorated on the surface of 2 μm thick crystal silicon (Si) thin-films. Compared with
the nanorod and nanocone arrays, the nanolens array exhibits the highest power conversion
efficiency. This result is mainly attributed to the natural capability of the nanolens array to
optically couple incident light into in-plane guided modes, which increases the optical path
of the incident photons in the long-wavelength regime. The power conversion efficiencies
of the optimized nanorod, nanocone, and nanolens arrays are η= 17.4, 18.8, and 22.0%,
respectively. These efficiencies correspond to enhancements of 26.1, 36.2, and 59.4% for
the nanorod, nanocone, and nanolens arrays, respectively, compared with a planar Si thin-
film with a standard quarter-wavelength antireflection layer. These findings show promises
for the nanostructured design of Si thin-film solar cells that exhibit enhanced optical
absorption.

1. Introduction

Developing solar cells with high conversion efficiency has become increasingly important as
the demand for solar energy has increased [1,2]. Silicon (Si) is widely used in photovoltaic
applications because of its abundant supply and mature fabrication process [3].

Through the use of nanostructures, the reflectance from the surface of Si solar cell has
been reduced, which is beneficial for harvesting incident sunlight [4–8]. Various nanostruc-
tured arrays (e.g. randomly or periodically aligned nanorods (or nanowires) [9–14], nanocones
[15–17], and nanodomes [18–21]) have been proposed to improve the conversion efficiency
of solar cells. For example, recently Zhu et al. [15] demonstrated that the optical absorption
of hydrogenated amorphous silicon (a-Si:H) in λ = 400–800 nm is significantly enhanced of
nanowires (70%) and nanocones (88%) arrays, comparing to the planar thin-film structure
(53%). Additionally, the optical absorption of a-Si:H can be further enhanced to 94% while
adopting the nanodome arrays [20]. Theoretical and experimental studies have indicated that
nanostructured arrays can suppress optical reflections and promote the trapping of incident
photons [22]. These properties alleviate the requirements for Si quality and increase the feasi-
bility of Si thin-film solar cells. Although Si nanostructures have been extensively studied,
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the effect of nanostructured architectures on enhanced optical absorption and optimized pho-
tovoltaic efficiency of photovoltaic devices has rarely been reported, and this information is
important for guiding the development of advanced photovoltaic devices. In this study, we
use the finite-difference time-domain (FDTD) method to investigate the dependence of vari-
ous nanostructured arrays (including nanorods, nanocones, and nanolenses) on the enhanced
optical absorption and power conversion efficiency of Si thin-film solar cells [23,24]. The
diameter and periodicity of nanostructured arrays considerably affect the corresponding opti-
cal absorption spectrum. By appropriately arranging the periodicity of the nanostructured
array, the incident light that penetrates the crystal Si can be coupled into in-plane guided
modes, increasing the optical path of the emitting photons and the power conversion effi-
ciency of the solar cell. As a result, an power conversion efficiency of η = 17.4, 18.8, and
22.0% can be obtained for 2 μm-thick Si films decorated with the optimized dimensions of
the nanorod, nanocone, and nanolens arrays, respectively.

2. Structure model and analysis method

Figure 1(a) shows a schematic of the nanostructures studied here, including (left) the nanorod,
(center) nanocone, and (right) nanolens arrays, decorated on a crystal Si with a total thickness
of 2 μm. These nanostructured arrays are arranged in a square lattice with a periodicity of P
in the x and y directions and a depth H in the z direction. The effective refractive index (neff)
of the nanostructured arrays is defined as the refractive index between the air and the bare Si,
weighted by their respective volumes and governed by the Bruggeman model as follows [25]:

fSiðzÞ � n
2
Si � n2eff

n2Si þ 2n2eff
þ fairðzÞ � n

2
air � n2eff

n2air þ 2n2eff
¼ 0; ð1Þ

where nSi and nair refer to the refractive indices of crystalline Si and air, respectively; fSi (z)
and fair (z) are the weighting coefficients and fSi (z) + fair (z) = 1. fSi (z) can be expressed as

Figure 1. (A) A schematic of the nanostructured arrays, including the (left) nanorod, (center)
nanocone, and (right) nanolens arrays for the computational simulations. (B) The corresponding
effective refractive index profiles along the z direction with increasing D(z).
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fSiðzÞ ¼ p
P2ðDðzÞ2 Þ2, where D(z) is the diameter of the nanostructured arrays, which varies along

the z direction (0 � z �H), and is defined for the different arrays as follows:

DðzÞ ¼ 2H ; for nanorod ð2Þ

DðzÞ ¼ 2ðH � zÞ; for nanocone ð3Þ

DðzÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2 � z2

p
; for nanolens ð4Þ

Figure 1(b) shows the corresponding profiles of the effective refractive indices along
the z direction for all of the nanostructured arrays as D (z= 0) increases from 100 to
300 nm with a 50 nm interval and a fixed P= 300 nm [see the discussion in Figure 3(a)].
The FDTD method is employed to simulate the interaction between the incident light and
the nanostructured arrays depicted in Figure 1(a) by adopting periodic boundary conditions
in the x and y directions and a perfectly matched layer boundary condition in the z direc-
tion. The propagation of the incident light is set to ~k ¼ kzk̂ with the electric field oscillat-

ing in the x direction (TE polarization, ~E ¼ Ex̂iÞ. The electromagnetic field distribution of
the light waves at a certain position of nanostructured arrays was obtained by solving the
time-harmonic Maxwell’s equations as follows:

r�r�~Eð~rÞ � n2k20~Eð~rÞ ¼ 0; ð5Þ

r � 1

n2
r� ~Hð~rÞ

� �
� k20~Hð~rÞ ¼ 0; ð6Þ

where n is the complex refractive index and k0 the magnitude of the free-space wave vector.
Consequently, the spatial distributions of the energy flux, i.e. the reflectance (R), transmittance
(T), and absorption (A), can therefore be determined by:

R ¼ jrsj2 ¼ g2 cos hi � g1 cos ht
g2 cos hi þ g1 cos ht

����
����
2

; ð7Þ

T ¼ jtsj2 ¼ 2g2 cos hi
g2 cos hi þ g1 cos ht

����
����
2

; ð8Þ

A ¼ 1� R� T ; ð9Þ

where rs and ts are reflection and transmission coefficients of TE polarized light, respectively.

g1;2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l1;2=e1;2

q
represent the intrinsic impedance in the different mediums. hi and ht are the

angles of incidence and transmission, respectively.
To evaluate the performances of the nanostructured arrays, the current density (J) vs. the

voltage (V) is expressed as the sum of the photon-generated current minus the intrinsic cur-
rent generated by radiative recombination as follows [26]:
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JðV Þ ¼ q

hc

Z 1

0

k
dI

dk
AðkÞdk� qðn2 þ 1ÞE2

gkT

4p�h3c2
e

eV � Eg

kT

� �
; ð10Þ

where dI/dλ represents the light intensity incident on the solar cell per unit wavelength, A(λ)
is the corresponding absorption spectrum, Eg is the band gap energy of Si, kT is the thermal
energy, and n is the refractive index of Si.

The power conversion efficiency (η) for all of the nanostructured arrays by using the for-
mula [27]:

g ¼ JSC � VOC � FFR1
0 IðkÞdk ; ð11Þ

where I(λ) represents the solar energy density spectrum as depicted in Figure 2(a), JSC is the
short-circuit current density (found by substituting V= 0 in Equation (5)), VOC is the open-cir-
cuit voltage, and FF is the fill factor.

3. Numerical results and discussion

Figure 2(a) shows a typical solar spectrum [28]. In this work, we mainly investigated incident
light with an emitting wavelength of λ = 320–1000 nm, including the primary part of solar
energy (marked by blue dashed line). Figure 2(b) plots the absorption spectra of the three rep-
resentative nanostructured arrays described in Figure 1(a) with different diameters
[D(z= 0) = 100, 200, 250, and 300 nm] and a fixed P= 300 nm. The absorption spectrum of a
planar Si thin-film (black solid line) is also plotted in the figure for comparison.

The calculated J–V curves of the nanostructured arrays using Eq. (10) are shown in the
insert of Figure 2(b). By fixing P= 300 nm, the optical absorption of nanorod arrays increases
initially with D(z) up to 200 nm and then decreases with further increases in D(z) to
250–300 nm, leading to the maximum JSC of the nanorod arrays with D(z) = 200 nm [JSC for
D(z) = 200 nm>D(z) = 300 nm>D(z) = 100 nm]. It is because its (D(z) = 200 nm) effective
refractive index is approximately equal to the geometric mean of those of the air and bare Si
[see Figure 1(b)] that the destructive interference with extremely low reflection is supported
for incident light in the short-wavelength regime (λ < 600 nm). This observation agrees with
previous reports [9,11,13]. However, for the nanocone and nanolens arrays, the corresponding
optical absorption spectra increase monotonically, leading to a increasing of JSC with
D(z) [JSC for D(z) = 300 nm>D(z) = 200 nm>D(z) = 100 nm]. It is primarily due to the much
continuous profiles of the refractive index along the z direction with increasing D(z), provid-
ing excellent impedance matching between the Si and air. Clearly, as shown in Figure 1(b),
the discontinuity of refractive index along the z direction is less significant with increasing
D(z) for both nanocone and nanolens arrays. Consequently, incoming photons from the air
confront much gradual change of the refractive index with increasing D(z), which creates a
broadband antireflection (AR) layer and thus eliminates the reflection of solar energy [29–31].
Hence, the ratio of D(z= 0)/P for the nanocone and nanolens arrays is set to D(z = 0)/P= 300/
300 nm here. Generally, the J–V curves for all of the nanostructured arrays shown in Figure 2
(b) have a similar trend as the optical absorption spectra, which agree with Equation (10).

Figure 2(c) shows the optical absorption spectra for all of the nanostructured arrays
arranged in different periodicities (P= 100, 300, and 500 nm). The corresponding J–V curves
are also shown in the figure. The optical absorption spectra strongly depend on the periodici-
ties of the nanostructured arrays. For P= 100 nm, all of the nanostructured arrays exhibit
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optical absorption spectra that are similar to a planar Si thin-film in the long-wavelength
regime, and the absorption is only enhanced at wavelengths shorter than λ= 600 nm. When P
is increased to P= 300 nm, the optical absorption spectra for all of the nanostructured arrays
are considerably enhanced across the entire range of incident wavelengths, especially for the
nanolens array. When P is further increased to P= 500 nm, the optical absorptions of the
nanostructured arrays are mainly enhanced in the long-wavelength regime (λ > 600 nm), and
they become lower than the absorption of a planar Si thin-film in the short-wavelength regime
(350 nm< λ< 450 nm). This behavior can be explained by fundamental physical optics. For
short periodicities, incident light with long wavelengths will not interact with the nanostruc-
tured arrays, and it will penetrate the array, leading to a similar optical spectrum as a planar
Si thin-film. When the periodicity of the nanostructured array is near the incident light

Figure 2. (A) ASTM air mass 1.5 direct and circumsolar solar spectrum. (B) The optical absorption
spectra of the nanostructured arrays for different array diameters: D(z= 0) = 100, 200, 250, and 300 nm.
The array periodicity is set to P= 300 nm. (C) The optical absorption spectra of all of the nanostructured
arrays arranged in different periodicities (P= 100, 300, and 500 nm). Inset: the corresponding J–V curves
calculated by Equation (5) for the nanostructured arrays with different diameters and periodicities.
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wavelength, then strong diffraction and optical coupling of the incoming photons are
expected, prolonging the optical path of the incoming photons within the solar cells and
enhancing the total optical absorption. Thus, for P= 100 nm, the optical absorption is primar-
ily enhanced in the short-wavelength regime. It is also reasonable that the optical absorption
is shifted to the long wavelength regime as P of nanostructured arrays increases, and will be
even worse than the one of planar Si thin-film in the short wavelength regime. Most impor-
tantly, this shift indicates that the periodicity of nanostructured arrays can considerably affect
the enhanced optical absorption of incident light and must be appropriately optimized for the
individual shapes of the nanostructured arrays.

Figure 3 plots the power conversion efficiency (η) vs. (a) diameter and (b) periodicity for
all of the nanostructured arrays by using Eq. (6). JSC as a function of D and P for the nano-
structured arrays are also shown in the figure. The power conversion efficiencies of the planar
Si thin-film with (η= 13.8%) and without (η = 9.8%) the quarter-wavelength AR layer are
marked in the figure to serve as references. By fixing P= 300 nm [Figure 3(a)], the maximum
efficiencies (η= 17.0, 14.9, and 18.7%) are obtained for the nanorod [D(z= 0) = 250 nm],
nanocone [D(z= 0) = 300 nm], and nanolens [D(z= 0) = 300 nm] arrays, respectively. While
appropriately arranging the periodicity of the nanostructured arrays (Figure 3(b)), optimized
efficiencies of η= 17.4, 18.8, and 22.0% can be obtained for the nanorod (P= 400 nm), nano-
cone (P= 500 nm), and nanolens (P= 500 nm) arrays, respectively, and these efficiencies cor-
respond to enhancements of approximately 26.1, 36.2, and 59.4%, respectively, when
compared with the planar Si thin-film with an AR layer.

To elucidate the physical mechanisms involved in the enhanced efficiency of nano-
structured arrays, Figure 4 shows the distribution of the simulated electric field for (a) ~Ex

and (b) ~Ez in the nanostructured arrays for incident wavelengths of λ = 400, 600, and
800 nm. At λ = 400 nm, the extinction coefficient (κ) of crystal Si is relatively large; there-
fore, the incident light is almost absorbed immediately in a single path near the top of all
of the nanostructured arrays. Thus, the coupling or diffraction of incident light with the
nanostructured arrays is irrelevant in the short-wavelength regime. In contrast, the incident
light penetrating the nanostructured arrays becomes more problematic with increasing inci-
dent wavelength because κ decreases rapidly [32]. Thus, the crystal Si is less absorptive
in the long-wavelength regime. This result indicates that prolonging the optical path of

Figure 3. The power conversion efficiency vs. (A) the diameter and (B) the periodicity of the
nanostructured arrays. Planar Si thin-film solar cells with (η= 13.8%) and without (η= 9.8%) the AR
layer serve as references. Insert: the short-circuit current density vs. diameter and periodicity of the
nanostructured arrays.
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incoming photons in crystal Si is necessary for long incident wavelengths. As shown in
Figure 4(b), the nanostructured arrays, particularly the nanolens array because it has the

strongest integrated intensity of ~Ez, can couple the incident light into optical modes

(~k ¼ kx̂iþ kŷj) guided within the crystal Si. This finding is consistent with the results
shown in Figures 2 and 3, in which the nanolens array exhibits higher optical absorption
and superior power conversion efficiency compared with the other nanostructures.

To study the dependence of the optical absorption of nanostructured arrays on the
incident angle of solar illumination, Figure 5 shows the optical absorption A(h, λ) as a
function of the incident wavelength (λ) and the oblique angle (h) for the optimized nano-
structured arrays [33,34]. A(h, λ) of the planar Si thin-film is also calculated and shown
in Figure 5(a) for comparison. For the incident wavelengths studied here, A(h, λ)
decreased with increasing oblique angle because of the enhancement of reflectivity gov-
erned by the Fresnel equation for the incidence of TE polarized light [35]. The nanolens
array shows the highest optical absorption, particularly for incident wavelength ranging
from λ = 350–600 nm. This wavelength range covers the highest energies from solar illumi-
nation (Figure 2(a)). Similarly, Figure 6 presents the power conversion efficiency (η) as a
function of the array periodicity and oblique angle for the (a) nanorod, (b) nanocone, and
(c) nanolens arrays. An optimal range of parameter space exists that maximizes the power
conversion efficiency for all of the nanostructured arrays. Specifically, the optimal range
of array periodicity for the nanolens is P= 450–550 nm. In this range, the oblique angle
at h= 0°–50° gives the nanolens array a larger η than the nanorod and nanocone arrays.
Compared with the other nanostructures, the power conversion efficiency of the nanolens
array across the periodicity of the entire array decreases more gradually with increasing
oblique angle. Above discussion associated with Figures 5 and 6 suggests that the surface

Figure 4. The distributions of the simulated electric field of (A) Ex and (B) Ez in the nanostructured
arrays for the incident wavelengths (λ= 400), 600, and 800 nm.
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texture of the nanolens array may offer greater tolerance for fabrication imperfections and
may have practical implications on the daily operation of solar cells.

4. Conclusion

In conclusion, we investigated the effect of the geometrical profile of nanostructured arrays on
the performance of crystal Si thin-film solar cells. Of the three nanostructured arrays studied, the
nanolens array offers excellent impedance matching between crystal Si and air through a contin-
uous distribution of effective refractive indices along the direction of solar illumination, and it
provides superior optical coupling with the incident light into in-plane guided modes. As a
result, the nanolens array exhibits enhanced absorption across a wide range of wavelengths and
incident angles of solar illumination. The surface texture of the nanolens array also offers greater

Figure 5. The optical absorption A(h, λ) as a function of the incident wavelength (λ) and the oblique
angle (h) for (A) the planar thin-film and (B) the nanorod, (C) nanocone, and (D) nanolens arrays.

Figure 6. The power conversion efficiency vs. array periodicity and oblique angle for the (A) nanorod,
(B) nanocone, and (C) nanolens arrays.
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tolerance for fabrication imperfections and a promising way to enhance the conversion effi-
ciency of Si thin-film solar cells.
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