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We investigate the influence of Al back reflectors on the optical absorption spectra of Si nanowire

(NW) arrays by using the finite-difference time-domain simulation method. A flat Al layer

enhances the absorption in the NW array due to not only the reflection-induced optical path length

enlargement but also reflection of light between NWs and localized surface plasmon induced

optical field confinement. An Al underlayer with a grating structure allows grating-coupled surface

plasmon polariton excitation and raise the optical absorption in the Si NWs. Interplay among all

these factors on the optical absorption and expected solar cell performance of the NW arrays is

discussed. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820525]

I. INTRODUCTION

Semiconductor nanowires (NWs) have broad-band and

outstanding light-trapping properties. The intriguing optical

characteristics of the NWs have been attributed to various

phenomena, including the resonant guided mode,1,2 whisper-

ing gallery mode,3 and Fabry-Perot interference.4 The reso-

nant modes and resulting absorption spectra depend on the

physical parameters of an individual NW, such as diameter,

length, and dielectric constant. In NW arrays (an assembly

of NWs), the period, filling ratio, and structural randomness

(geometry of NW and spacing between NWs) can further

influence their optical properties.5–17 Such unique optical

characteristics of semiconductor NWs have encouraged us to

investigate NW-based optoelectronic devices.1–23

The omni-directional and enhanced optical absorption

of the NW arrays ensures high efficiencies of NW-based

solar cells all day long.5–14 In addition to such optical advan-

tages, wire-based solar cells with radial p-n junctions can

have close-to-unity carrier collection probability, when the

diameter of the wire is smaller or comparable to the minority

carrier diffusion length.5 As already demonstrated, fabrica-

tion of flexible devices is also possible using low-cost and

large-area wire formation processes.5,14 In spite of such

expectations, the efficiencies of the wire-based solar cells

still have not surpassed those of the planar devices. Serious

surface and interface recombination has been regarded as a

major obstacle in raising the energy conversion efficiency.15

Practically, it is a formidable task to suppress recombination

and resulting carrier collection loss in the wire arrays with

large surface-to-volume ratio.

One of the simplest ways to reduce the recombination

loss is to use shorter NWs with less surface area. All the fab-

rication processes for absorber structures with less surface

area, including conformal doping and passivation, and top-

contact formation, will be easy.24 However, the small optical

thickness will seriously limit the ultimate energy conversion

efficiency. Thin film solar cell technologies have established

several light trapping strategies, such as anti-reflection coat-

ing, surface texturing, and back-surface optical reflection.25

The first and second ones lower optical reflection at the front

surface. The last one increases the optical path length in the

absorber. The NW array possesses extremely low reflectance,

and hence reflection loss is not a big concern. Implementation

of the back reflector is helpful to increase the optical path

length and raise the efficiency of short NW solar cells. The

conducting back reflector also works as back contact to collect

the carriers and flow them to an external load, as already dem-

onstrated in solar cell and photodetector applications.5,14,20

Surface plasmon (SP), collective oscillation of conduc-

tion electrons at the metal/dielectric interface, should be con-

sidered to explain the optical properties of the nano-scale

metal/semiconductor contacts.16–23 SP excitation can confine

the light and increase the optical absorption, which can dras-

tically alter the absorption spectra of the NW array with the

metallic back reflector. SPs also can cause intrinsic absorp-

tion loss in the metal nanostructure itself.16,26 Therefore,

studies on the optical characteristics of NW array with the

metal back reflector will be interesting and important to

improve the device architecture of the wire-based solar cell.

In this work, we investigated the optical characteristics

of Si NW arrays with and without Al underlayers by simula-

tions. A flat Al underlayer beneath the Si NW array

enhanced the optical absorption in wide wavelength range.

The Al layer reflected the light between NWs as well as the

light in NWs, which increased the optical path length in the

NWs. In addition, localized SP (LSP) at the NW/Al interface

enhanced absorption in the NWs. When the Al underlayers

had periodic structures, grating-coupled surface plasmon

polaritons (SPPs) enabled the NW array to have additional

absorption peaks for sparse and small-diameter arrays. The

expected maximum photocurrent of the NW array with the
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back reflector was larger than that of the equal-thickness pla-

nar counterpart.

II. SIMULATION

To describe the electromagnetic field distribution in NW

arrays, the Maxwell equations were solved by the finite-

difference time-domain (FDTD) method. In this study, the

NW arrays were modeled in FDTD (Lumerical FDTD

Solutions) as a unit cell embedded in air with perfectly

matched layers (PMLs) on the top and bottom, and with peri-

odic boundary conditions at the sidewalls (Fig. 1).27,28 The

diameter of the Si NW was varied from 60 to 400 nm, and

the length was fixed to be 1 lm. Several kinds of NW arrays

were considered in our simulation, as illustrated in Fig. 1.

The first type had only Si NWs without any underlayer

(hereafter called as type [A]). The second and third types

had 60-nm-thick conducting underlayers with a flat surface

and a grating structure, respectively. For the last type, the

grating period was the same of the NW array period (P) and

the width of the upper part grating (W) was set to be the half

of P. The height of the grating was 30 nm and the height of

the flat layer under the grating was also 30 nm. As shown in

Fig. 1, the polarization and propagation directions of the

incident light were parallel to the x-axis and z-axis, respec-

tively. The absorption in Si NWs was estimated by meas-

uring the amount of power flowing into and out of NWs.

When the NW arrays were on the Al conducting layers, the

absorption in the Al layer as well as the absorption in the

NW array was estimated by putting two monitors above and

below the Al layer.

III. COMPASIRON OF A THIN FILM AND A NW ARRAY

Figure 2(a) shows optical absorption (A) spectra of type

[A] (diameter: 100 nm, length: 1 lm, and period: 800 nm)

and a 1-lm-thick Si thin film. The absorption of type [A]

and the thin film decreases with increasing wavelength

because of a low absorption coefficient of Si for long-

wavelength light. The reflected light waves at the top and

bottom of the Si/air interfaces interfere with each other,

resulting in the Fabry-Perot interference and oscillatory

behaviors of the absorption spectra.13 The oscillation ampli-

tude diminishes at short wavelengths, since the interference

effect becomes less dominant due to short penetration depth.

The absorption of the 1-lm-thick Si has maximum at inter-

mediate wavelength (k) range, �450 nm.

Type [A] shows much less absorption in the whole sim-

ulation wavelength range than the thin film. The volume

fraction of the NWs is only 1% of that of the continuous

equal-thickness film. In spite of such a small volume, the

absorption peak at k¼ 585 nm is as large as 45%. Figure

2(b) shows the electric field distribution in the Si NW at

k¼ 585 nm, indicating an effective coupling of incoming

light to the fundamental guided mode (HE1,1 mode) sup-

ported by NW.1 The resonant guided mode can dramatically

increase the absorption cross-section of NW. The small am-

plitude oscillatory feature in the NW absorption is due to the

interference in NWs, as is the case of the thin film.

IV. INFLUENCE OF A FLAT ALUMINUM UNDERLAYER

Figures 3(a) and 3(e) compare absorption spectra of

types [A] and a Si NW array (diameter: 100 nm, length:

1 lm, and period: 800 nm) with a 60-nm-thick flat Al under-

layer (hereafter called as type [B]): the overall absorption of

type [B] is larger than that of type [A]. Both samples have

maximum absorption at k� 600 nm. Type [A] has a single

peak at k� 585 nm, originated from the guided mode reso-

nance [Fig. 2(b)]. The difference in the absorption of types

[A] and [B] (hereafter, denoted as [B]-[A]) shows a maxi-

mum value at k� 600 nm and positive values in wide spec-

tral range.

For better understanding, a Si NW/Al-disk array (type

[C]) is also studied. The diameter and the thickness of the Al

disk are identical to that of the NW and that of the flat Al

underlayer, respectively. As shown in Fig. 3(b), the absorp-

tion of type [C] has closely spaced two peaks. The larger and

sharper peak at 595 nm can be attributed to the resonant

guided mode, just like the peak of type [A]. Another peak at

635 nm is much broader than the peak at 595 nm, whose

physical origin will be discussed later. It can be also noted

that the absorption of type [C] at k< 600 nm is almost identi-

cal to that of type [A], as clearly seen from [C]-[A] [Fig.

3(f)]. Both the Al disk in type [C] and the continuous Al

layer in type [B] will reflect light in NWs. However, it

should be noted that the absorption of type [C] is very differ-

ent from that of type [B]. This indicates that the absorption
FIG. 1. Schematic illustration of the NW array used in the FDTD simulation

and different types of the NW arrays with and without underlayers.

FIG. 2. (a) Simulated optical absorption (A) spectra of a 1-lm-thick Si thin

film and a Si NW array (diameter: 100 nm, length: 1 lm, and period:

800 nm) and (b) cross-sectional distribution of jEx/E0j2 at k¼ 585 nm of a

single NW (jE0j2: the intensity of incident light). Scale bar is 100 nm.
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spectrum of type [B] cannot be solely explained by the

increase of the optical path length.

Type [D] corresponds to a Si NW array with a perfect

electrical conductor (PEC) underlayer. Type [D] has maxi-

mum absorption at k� 600 nm, and the absorption of type

[D] is larger than that of type [A] in the whole simulation

wavelength range. As shown in Fig. 3(g), [D]-[A] has the

largest value at k� 600 nm and has the second largest value

at k< 400 nm.

It can be noted that both of types [B] and [D] have larger

absorption at k< 400 nm than types [A] and [C]. Only small

portion of short wavelength light could reach the conducting

underlayer (e.g., penetration depth of Si, d¼ 1.08 lm at

k¼ 550 nm), and hence reflection of the light propagating

through the NWs cannot significantly contribute to the

increase of the absorption in the short wavelength region.

The field pattern around the NWs is quite different from that

of the incident light, as shown in Fig. 4(a). The Si NWs sig-

nificantly distort the wavefront and the Poynting vector of

the incident light is not perpendicular to the surface of the Al

layer. As a result, the light between NWs can be absorbed in

the sidewalls of NWs. This can explain relatively large opti-

cal absorption in type [A] at k< 400 nm (>10%) in spite of

its very small filling ratio (�1%). In addition, the continuous

conducting underlayers in types [B] and [D] can reflect the

light between NWs, further raising the absorption. The Al

disk cannot efficiently reflect such light between NWs and

hence the absorption of type [C] at k< 400 nm is similar to

that of type [A].

Figure 3(d) compares optical absorption spectra of types

[B] and [D]. Reflectance of light by the PEC layer will not

be less than that by the Al layer. However, [B]-[D] has posi-

tive values in wide wavelength range (mainly at k> 400 nm),

as shown in Fig. 3(h). These results suggest that the optical

reflection alone cannot completely explain the spectral

behavior of type [B].

Figure 4(a) shows that very large electric field intensity

is observed in the NW bulk of type [B] at k¼ 595 nm. This

suggests that the 595-nm-peak should be originated from the

guided mode resonance, as expected. The existence of the Al

underlayer does not significantly vary the resonant guided-

mode peak position, which is mainly dependent on the NW

diameter.1,2 The electric field patterns of type [B] at

k¼ 610 nm and type [C] at k¼ 635 nm are similar: both have

strongly confined field at the Si NW/Al interface and the

maximum field intensity is more than 100 times larger than

that of the incident light. Such localized field confinement at

the semiconductor/metal interface suggests the LSP

excitation.15–22,27–30 The strongly concentrated optical field

at the NW/Al interface can cause the absorption peaks of

type [B] at k¼ 610 nm and type [C] at k¼ 635 nm, as clearly

seen from [B]-[A] and [C]-[A] in Figs. 3(e) and 3(f). The

PEC layer cannot allow the LSP excitation, and hence the

absorption peak of type [D] is almost the same of that of

type [A] (see Figs. 3(g) and 3(h)). Thus, it should be noted

that the absorption spectrum of type [B] has closely spaced

two peaks with distinct physical origins.

Figure 4(b) shows schematic illustrations for the three

major factors of the absorption enhancement in the NW array

with the Al back reflector: (1) reflection of light in NWs, (2)

reflection of light between NWs, and (3) optical field confine-

ment due to the plasmonic effect. For quantitative compari-

son, maximum achievable short-circuit current density (Jsc) of

the NW arrays were estimated from the following equation:

Jsc ¼
ðkg

300 nm

IðkÞAðkÞ ek
hc

dk; (1)

where k is wavelength, I(k) is the AM 1.5 solar spectral irra-

diance, A(k) is the Si absorption, and kg is the wavelength

corresponding to the band gap of Si (1100 nm).6 Jsc values of

type [B] (4.36 mA/cm2) is 40% larger than that of type [D]

(3.11 mA/cm2). Such significant increase of Jsc manifests the

plasmonic effects of the back reflector in the NW solar cells.

Figure 5 shows the positions of the LSP resonance

(LSPR)-induced peaks in the absorption spectra of type [B]

FIG. 3. (a)–(c) Simulated optical absorp-

tion (A) spectra of 100-nm-diameter Si

NW arrays without any underlayer (type

[A]), with a flat Al underlayer (type [B]),

and with a perfect electric conductor

(PEC) layer (type [D]). (d) A of a Si

NW/Al-disk array (type [C]) is also com-

pared. (e)–(h) The difference in the opti-

cal absorption of four different pairs.

FIG. 4. (a) Cross-sectional electric

field intensity distributions at k¼ 595

and 610 nm for a single Si NW in type

[B], and at k¼ 635 nm for a single Si

NW in type [C] (jE0j2: the intensity of

incident light). Scale bars are 200 nm.

(b) Illustration of three major factors

of the Al back reflector to raise the

optical absorption in the NW array.
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as a function of the Si NW diameter. The peak moves to

longer wavelengths with increasing NW diameter and the

frequency of the peak is inversely proportional to the NW

diameter for large diameters. The depolarization field in the

larger Al disk becomes smaller, so that the LSPR frequency

becomes smaller.27–29 At a small diameter limit, however,

material characteristics are predominant and the LSP excita-

tion frequency approaches the SP resonance frequency at the

Si/Al interface (xSP). Such diameter dependence assures the

LSPR effects in the optical absorption spectra of the NW

arrays with the Al back reflector.

V. INFLUENCE OF AN ALUMINUM GRATING
STRUCTURE

Figure 6(a) shows the absorption spectra of types [A]

and a NW array with an Al grating structure with period of

800 nm (type [E] see the schematic diagram in Fig. 1).

Overall absorption of type [E] is larger than that of type [A].

Type [E] has larger absorption than type [A] at <700 nm,

which can be attributed to the reflection and LSPR, similar

to the case of type [B]. Shape and magnitude of [E]-[A] at

500 nm < k < 700 nm is similar to [B]-[A], implying compa-

rable LSPR contribution. In addition, type [E] has a new

peak at k¼ 815 nm as shown in Figs. 6(a) and 6(b). In such

near infrared (NIR) region, the absorption of type [A] is neg-

ligibly small but the absorption of type [E] is as large as

8.9%. Such increase is remarkable, since the penetration

depth in the NIR region is much longer than the Si NW

length.

Figures 6(c) and 6(d) show the cross sectional electric

field distributions of types [A] and [E] at k¼ 815 nm, respec-

tively. The grating structure drastically modifies the field

pattern and the intensity around the NWs. The field distribu-

tion of the grating only (without Si NWs) reveals a strong

field formation at the grating edges, as shown in Fig. 6(e).

The Al grating can excite SPPs at the air/Al interface.20,31

The grating-coupled SPP propagates along the air/Al inter-

face and partially scatters into the free-space mode at the

edge of the grating. Such scattered light as well as the propa-

gating SPPs can transfer energy to the Si NWs and enhance

their optical absorption. Here, we should note that all the cal-

culation results in Figs. 6(a)–6(e) were obtained for the TM

mode (i.e., x-polarization) incident light. The absorption

spectra of type [E] under the TE mode (i.e., y-polarization)

illumination did not have a NIR peak. This assures us that

the NIR peak is originated from the SPP excitation.

The relation between the wavevector and frequency

of the grating-coupled SPPs can be obtained according

to Eq. (2)

kx ¼
x
c

sin h 6 n
2p
P
; (2)

where P is the grating period and n is an integer.31 The

SPP-related absorption peaks (dark blue triangles in Fig. 7)

are consistent with the calculation results from Eq. (2)

(a cyan line in Fig. 7). The grating period determines the

SPP-induced absorption peak positions. This shows that we

can tune the optical spectral response of type [E] as desired

by varying the grating period.

VI. 400-NM-DIAMETER NW ARRAY

Figure 8(a) shows optical absorption spectra of 400-nm-

diameter NW arrays (length: 1 lm and period: 800 nm) with

and without an Al underlayer. According to recent numerical

studies, such array is close to optimal one to achieve the high

efficiency of the wire-based solar cell.6,7 The absorption

spectra of the large-sized NW array are more complicated

than those of the small-sized NW array, as carefully dis-

cussed in a recent article of Sturmberg et al.13 Obviously,

the Al underlayer increases the overall absorption of the NW

array. The absorption at short wavelengths of the NWs with

the flat Al layer is larger than that of the NWs only. Such

FIG. 5. Positions of the LSPR-induced absorption peaks as a function of the

NW diameter. Red dots and a red dotted line correspond to the data taken

from the absorption spectra and a visual guide line, respectively. xSP indi-

cates the SP resonance frequency at the Si/Al interface.

FIG. 6. (a) Simulated optical absorp-

tion (A) spectra of 100-nm-diameter Si

NW arrays without an Al underlayer

(type [A]) and with an Al grating struc-

ture (type [E]). (b) Difference in the

optical absorption of type [A] and type

[E]. Cross-sectional electric field inten-

sity distributions at k¼ 815 nm for a

single Si NW in (c) type [A] and (d)

[E], and (e) Al grating only without

NW (jE0j2: the intensity of incident

light). Scale bars are 200 nm.
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difference can be explained by the reflection of light between

NWs by the back reflector.

The Al underlayer also increases the long-wavelength

absorption of the NW array, except for narrow wavelength

region (e.g., k� 850 nm). Figure 8(a) also shows the absorp-

tion of the Al underlayer as well as the absorption of the

NWs. Figures 8(b)–8(d) show the cross sectional electric

field distributions at some of the peak wavelengths in the Al

absorption. The field patterns exhibit strong field enhance-

ment at the NW/Al interface, clearly indicating the LSP

excitation. The number of nodes increases as decreasing the

wavelength, revealing higher order LSP mode formation.

Even at such wavelengths where the LSPR at the Si/Al inter-

face occurs, the absorption of the NWs with the Al layer is

comparable to or larger than that of the NWs without the Al

layer. This means that the LSP excitation can enhance the

overall absorption in the NWs in spite of the parasitic

absorption loss in the Al layer. Figure 8(a) reveals that the

notable plasmonic absorption in the Al layer occurs at the

wavelength region somewhat far from the peak in the solar

spectrum. This shows that the Al back reflector would not

cause significant drop of the photocurrent in the Si NW solar

cell.

Figure 9 shows calculated Jsc values for several types

of 400-nm-diameter NW arrays with various periods

(400–800 nm) obtained from Eq. (1). As expected from Fig. 8,

Jsc of the NW array with the flat Al layer (15.0 mA/cm2) is

much larger than that of the NW array without the Al layer

(11.7 mA/cm2). Comparison of PEC and Al can clarify the SP

effect, since the PEC boundary condition doesn’t allow the SP

excitation. Jsc of the 400-nm-diameter NW array with the

PEC back reflector (16.2 mA/cm2) is about 8% larger than

that with the Al back reflector. This reveals that the absorption

in the Al back reflector doesn’t seriously deteriorate the total

photocurrent of the Si NW solar cell, as discussed above.

Decrease of the period (P) can raise Jsc of the NW array with

the Al back reflector, and Jsc for P¼ 500 nm is as large as

19.6 mA/cm2 (45.2% larger than that of 1-lm-thick Si with a

flat Al back reflector). Further decrease of the period (for

example, P¼ 400 nm) lowers Jsc, since a NW array with a

larger filling ratio will lose the geometrical optical gain and

behaves more like a continuous film.

As shown in Fig. 9, Jsc of the NW array with the grating

structure is smaller than that of the array with the flat layer.

Larger portion of the grating surface is covered by the NWs

as increasing the NW diameter. As a result, propagating SPP

is seriously disturbed by the large sized NWs. As shown in

Fig. 7, the grating-coupled SPP excitation occurs in the visible

and NIR range, while varying the grating period from 600 to

1000 nm. At similar wavelength range, 400-nm-diameter

NWs have several guided mode resonance and LSP-resonance

peaks (Fig. 8). Thus, coupling among the photons related to

the guided modes, LSPs, and SPPs will contribute to the opti-

cal characteristics of the large-diameter NW arrays.

VII. SUMMARY

We investigated influences of an Al back reflector on

optical absorption and photocurrent of a vertical Si NW array

solar cell. For a small-sized (diameter: 100 nm) and sparsely

spaced (period: 800 nm) array, a flat Al underlayer beneath

the Si NW array caused a LSP-induced peak in the NW

absorption spectra. If the Al layer had a grating structure,

grating-coupled SPPs and scattered light could affect the

absorption spectra of the NWs. In planar solar cells, the role

of the back reflector is limited to the increase of the optical

path length in the absorber. In contrast, the back reflector can

influence the optical characteristics of the NW devices, via

FIG. 8. (a) Simulated optical absorption (A) spectra of 400-nm-diameter Si

NW arrays with and without a 60-nm-thick flat Al underlayer, and A of the

Al layer under the Si NWs. Cross-sectional distribution of the electric field

intensity, jE/E0j2, at k¼ (b) 530 nm, (c) 635 nm, and (d) 920 nm at the Si

NW/Al interface (jE0j2: the intensity of incident light). Scale bars are

200 nm.

FIG. 9. Calculated short-circuit current densities, Jsc, for several types of

400-nm-diameter NW arrays with various periods (400-800 nm). Gray and

black dashed lines indicate Jsc of the 1-lm-thick Si with and without the flat

Al underlayer, respectively.

FIG. 7. Positions of SPP-related absorption peaks (symbols) taken from the

simulated spectra, as a function of the grating period. A line corresponds to

grating-coupled SPP energy, expected from the dispersion relation of SPP at

air/Al interface and the grating period [Eq. (2)].
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reflection of both light in NWs and light between NWs as

well as plasmonic field confinement. According to the calcu-

lated optical absorption, the photocurrent of a 1-lm-thick,

400-nm-diameter, and 500-nm-period Si NW array with a

60-nm-thick flat Al back reflector can be 19.6 mA/cm2,

which is 45.2% larger than that of a 1-lm-thick planar Si de-

vice with a flat Al back reflector. These results provide a

new perspective on short Si NW solar cells and other NW-

based optoelectronic device applications.
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