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Silver cap; Silicon nanowire (SiNW) shows striking light-concentration ability and thus holds promising application
Silicon nanowire; potentials in photonic devices. However, its narrow working waveband strongly affects its
Broadband; performance over the entire visible spectrum. Here, a silver capped SiNW structure (Ag-cap/SiNW)

Near-surface

salTut is presented to broaden the working waveband of the pure SiNW. Discrete dipole approximation
distribution

simulations show that, by this structure, the light-concentration waveband can be significantly
broadened from 440-620 nm (pure SiNW) to 300-620 nm. Thus, using the Ag-cap/SiNW in the solar
cell, the ideal photocurrent density can be enhanced 16% compared with that using pure SiNW.
Furthermore, the concentrated light shows the feature of the strong near-surface distribution around
the Ag-cap/SiNW. This distribution feature gives a reasonable explanation for the huge superiority of
the radial junction SiNW solar cells to axial junction SINW solar cells from optical aspect. Additionally,
due to the intrinsic waveguide property of SiNW, this Ag-cap/SiNW also has great potential
applications in photonic devices such as nanoscale optical biosensors and light-integrated-chips.
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Introduction

Silicon nanowire (SiNW) is attracting an increasing interest in
recent years [1-6]. Among other excellent properties, its unique
optical properties, the ability to capture and concentrate light
with regional transverse distribution at nanoscale [7-11] makes
it hold promise for potential applications as nanoscale building
blocks in photonic devices: SiINW based solar cells [12-15],
sunlight-driven solar water splitting [16], nanoelectronic power
sources [17,18], photoelectrochemical cell [1,19], photodetec-
tors [20,21], and even the fascinating light-integrated-chip [22].

The main drawback of using SiNW as light concentrator is that
it only works at various narrow wavebands [11,23,24], which
correspond to the resonance wavelengths of the lowest-order
leaky mode supported by the SiNW [25,26]. These narrow
working wavebands strongly limit its performance over the ent-
ire visible spectrum, and thus limit its practical application in
some fields. For instance, in photovoltaic cells [13-15,17,27] and
photoelectrochemical cells [1], broadband light-concentration is
of great concern to ensure maximum utilization of the sunlight
to generate high photocurrent. In sunlight-driven solar water
splitting [16], a broader light-concentration waveband is also
very helpful to achieve higher splitting efficiency by generating
more photogenerated carries.

Fortunately, silver nanoparticle also possesses outstand-
ing light-concentration function [28-30] due to the plasmo-
nic effect, and at the same time its working waveband is
rightly complementary with that of the SiNW. So, combining
the silver nanoparticle and the SiNW together as a compo-
site structure should be one possible way to avoid the
limitation of the SiNW in broadband light-concentration.

To date, only few works on silver-nanoparticle/SiNW compo-
site structure has been reported [23,31,32], and the broadband
light-concentration ability hasn't been realized in all of them.
For instance, in Ref. [31] where a silver nanoparticles decorated
SiNW structure was presented, only the light-concentration
ability of the silver nanoparticles (about 50-fold) was highlighted
but that of the SINW was almost vanished. We think that the
failure of the silver nanoparticles decorated SiNW in broadband
light- concentration is mainly due to the high density of the
silver nanoparticles, which wholly shield the light-concentration
function of the SiNW by abundant geometrical scatterings.

So, in this work, a silver nanoparticle capped SiNW structure
(Ag-cap/SiNW) is designed to realize the broadband light-
concentration function. The single silver cap (Ag-cap) can only
cover a small geometrical area, thus will not affect the light-
concentration ability of the SiNW significantly. Besides, in this
Ag-cap/SiNW structure, the concentrated light could be further
expected to distribute regionally in transverse direction as that
in the pure SiNW [7-11]. This is because the light concentrated
by the Ag-cap has great tendency to be unidirectionally
scattered into the SiNW, thus to be coupled into the guided
modes following their field distribution. This regional transverse
distribution is of great importance in photonic devices optimi-
zation [7]. In a word, by the Ag-cap/SiNW, a broadband light-
concentration function with regional transverse distribution is
expected to be realized.

Based on discrete dipole approximation (DDA) method [33-35],
the optical properties of the Ag-cap/SiNW are investigated in
detail. The two expected light-concentration functions are both
realized. The light-concentration waveband is broadened from

440-620 nm (pure SiNW) to 300-620 nm, which brings a 16%
enhancement of ideal photocurrent density in solar cell using the
Ag-cap/SiNW compared with that using the pure SiNW. The
concentrated light distributes regionally in transverse direction,
and thus shows a feature of the strong near-surface distribution
within and out the silicon part. This provides reasonable optical
explanation for the superiority of radial junction to axial junction
SiNW solar cells. Such insight is essential to the design and
optimization of the efficient solar cells and other optical devices.

Model, simulation method and reliability
testing

A schematic diagram of the presented Ag-cap/SiNW is shown in
Fig. 1a. The Ag-cap is designed with hemispherical end for easily
preparing [36]. The size parameters are set referring to the
reported well performed SiNW solar cells. The diameter is set to
80 nm, which corresponds to the optimized light-trapping effect
[37]. The total length is set to 3.0 pm, which approximates to
the average of the values, 1.5 to 4 pm [37,38], for optimized
conversion efficiency. To make the light-concentration effect of
the Ag-cap remarkable (see the Supporting Information), its
length is set as 0.7 pm. Since the diameter is large enough, the
quantum confinement effect [13,39] is neglected and thus the
complex dielectric constants of bulk silver and silicon, as shown
in Fig. 1b and ¢, are used [40,41]. Besides, only the incident
light from the Ag-cap is considered as the light-trapping effect
of SiNW is insensitive to the incident angle [24].

The extinction, scattering and absorption spectra of the
Ag-cap/SiNW, as well as the light filed distribution within it
are calculated using the DDA method by code DDSCAT 7.3
[33]. Firstly, the Ag-cap/SiNW is replaced by an array of
point dipoles, located on cubic lattices. Then, the electro-
magnetic scattering problem of the incident light interact-
ing with this point dipoles array is solved. Finally, the
spectrum and light field distribution properties are derived.
A frame description of the DDA method is given as follows.

Let the index j=1,...N run over the occupied lattice sites.
Each dipole j is characterized by a polarizability tensor «;, Such

that P; = ajE j, where P; is the instantaneous dipole moment

of dipole j, and Eext j is the instantaneous electric field at
position j due to the incident light on the dipole plus the other
N—1 oscillating dipoles. The key problem in DDA is to obtain a

self-consistent set of dipole momentsP;. Pj=ajEe; can be
rewritten as N simultaneous complex vector equation of the form

Pi=ajEinci— > AiPy) (1
k+#j

where Ej,; is the electric field at position j due to the incident

light, and —AjkPk is the contribution to the electric field at
position j due to the dipole at position k.

Einc; = Eoexp(ik - rj — it)
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Schematic diagram of the model and dielectric constants of silicon and silver. (a) the model of the Ag-cap/SiNW; (b) the

dielectric constant of the silicon; (c) the dielectric constant of the silver.

T exp(ikr; 5 1—ikr;
PkPj = M{kzrjk X (rjk X Pk)+(—zjk)
rjk rjk

X[ H J#k 3

where rj=rj—ry. If Aj; is defined as Aj; = aj’1, the scattering
problem can be compactly formulated as a set of N inhomoge-
neous linear complex vector equations:

N :
> AxP=Eicj (j=1,...,N) “

k=1

It is further convenient to define 3N-dimensional vectors

P=(P ,~P2, PN, Eine = (Einc1,Eincas ---Einen), and a 3Nx 3N
matrix A so that the problem is reduced to a single matrix
equation:

AP=E ®)
Direct methods for solving this system of equations for
the unknown P are impractical, but iterative methods are

useful. An error tolerance between two adjacent iterative
steps is specified as
h=|ATAP—ATE|
— ®)
|AE|
where A" is the hermitian conjugate of A. In our calcula-
tions, the recommended PBCGS2 iteration algorithm is

chosen, and an error tolerance h=1.0 x 107>, correspond-
ing to high accuracy [33] is used.

After the polarizations Pj are obtained, the extinction,
absorption and scattering cross section for the target are
then computed as:

4rk S

Coa = = > ImE;; x Pj) 7)
|E1'nc|2]:1
4nk

Caps = = Z{ } ®)
|Einc|2]:1

Csca = Cext - Cabs (9)

and the corresponding extinction, absorption and scattering
efficiency factors for the target are written as:

C

Qe =—% (10)
Cabs

Qaps = =2 (1
Csca

Qsca - m (12)

where r is the real geometric radius of Ag-cap/SiNW in
this work.

The reliability of the DDA method on silver and silicon
nanostructures has been evaluated by comparing the calcu-
lation results with that derived from rigorous electromag-
netic theory [42,43] and that of our experimental
measurements, respectively (see the Supporting Informa-
tion). Excellent consistency is obtained between the DDA
results and the theoretical and the experimental results.
The accuracy of the DDA method is mainly depending on the
interdipole separation d. By comparing the calculated
extinction spectra of the Ag-cap/SiNW under the
d values ranging from 2.8 nm to 9.6 nm, it is en:
d=3.3 nm, which is chosen in following calcul
accurate enough (see the Supporting Information
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Fig. 2 The extinction, absorption and scattering efficiency spectra, for the Ag-cap/SiNW and the separated pure SiNW and Ag-cap:
(a) the extinction spectra, (b) the absorption spectra, (c) the scattering spectra. The rations between the absorption, scattering
efficiency and the extinction efficiency are given in the insets of (b) and (c), respectively.

Results and discussion

Broad spectrum light-concentration ability of the
Ag-cap/SiNW

What's shown in Fig. 2 is the extinction, absorption and
scattering efficiency spectrum curves of the Ag-cap/SiNW.
And for results analysis, the curves for the separated pure
SiNW and Ag-cap are also given. Additionally, the absorption
and the scattering fractions in the concentrated light,
characterized by Qaps/Qext and Qsca/ Qext, are provided yet
in the insets of Fig. 2b and ¢, respectively.

From Fig. 2a, the extinction curves, it can be observed
abviously that the Ag-cap/SiNW shows two prominent extinction
peaks, whose values are much greater than 1, at wavelength
4=380nm and 520 nm. Since the value of Q. represents the
light-concentration multiple of the target according to above
definition, these two peaks imply that the Ag-cap/SiNW will own
outstanding light-concentration ability in two wavebands with

centric wavelength 380 nm and 520 nm. The waveband around
520 nm can be conceivably attributed to the contribution of the
silicon part, as the extinction curves in this waveband are
exactly anastomotic with that of the pure SiNW. The 380 nm
waveband should be mainly assigned to the contribution of the
Ag-cap since the extinction curves shows the similar variation as
that of the pure Ag-cap.

It can be also observed in Fig. 2a that the extinction curve of

the pure SiNW only owns one peak at 4=520 nm, which implies
only one light-concentration waveband. So, the Ag-cap/SiNW
will own broader light-concentration waveband than pure SiNW.
If taking the concentration multiple 35 as a criterion, the
working waveband of the Ag-cap/SiNW can be broadened from
440-620 nm (pure SiNW) to 300-620 nm, which just corresponds
to the high energy density waveband in the solar spectrnim Tn
quantitatively evaluate the effect brought by this bro

we define and calculate an enhancement factor R,
waveband 300-800 nm as below:
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800 800
300 r:;n Qext(Ag—cap/SiNW)dﬂ_ f300 :g Qext(pure—Si)dﬁ
Re = 800 nm (13)

300 nm Qext(pure—Si)dﬁ

where Qeyt(ag-cap/sinwg aNd Qextpure-siy are the extinction effi-
ciency of the Ag-cap/SiNW and the pure SiNW, respectively. A

value R.=34% is obtained.

The superior light-concentration ability of the Ag-cap/
SiNW over pure SiNW should mainly come from the con-
tribution of the Ag-cap, which works in 320-440 nm as shown
in Fig. 2a. This can be confirmed experimentally by the fact
that SiNW arrays will show high reflectance in 320-440 nm
[44] under sunlight irradiation. Besides, the superiority
light-concentration ability of the Ag-cap/SiNW may also
have contributions from the mutual enhancement effects of
the silver and silicon parts in light-concentration. As shown
in Fig. 2a, the extinction curve of the Ag-cap/SiNW is
significantly larger than that of the pure Ag-cap in the short
waveband, and is slightly larger than that of the pure SiNW
in the long waveband, respectively.

Taking into account the considerable chmic loss in metal
nanoparticle around its resonance wavelength [45,46], it is
necessary to ensure that the concentrated light is not
completely lost thus is significative for photovoltaic appli-
cations. Fig. 3 gives the square of the electric field intensity
(equals to the light intensity) within the Ag-cap/SiNW and
pure SiNW, under irradiation of light with 1=380 nm. The
light intensity in the silicon part of the Ag-cap/SiNW is two-
fold of that in the pure SiNW (25-.vs. 12.5-fold of the
incident light intensity), which indicates amount of the light
concentrated by the Ag-cap has been scattered into the
silicon. This provides a direct argument for the significant of
the light concentrated by the Ag-cap.

The proportion of light being absorbed by the Ag-cap
(ohmic loss) at 4=380 nm can be estimated quantitatively
based on the light absorption formula Paps=/ignescear, Which
indicates the amount of light being absorbed P, is propor-
tional to light intensity lig:. In the following, Pas is

a

A: Coordinate definition

yo% X

B: Polarization of the incident light
k H=(0,0,H)
A =380 nm
E=(0,E,0)
C: |E| is extracted from
y=0.035pum; z=0.0pm; x=[-2.1,2.1] um

represented by the absorption efficiency (Q) defined above.
Firstly, the amount of light being absorbed in the silicon part
of the Ag-cap/SiNW (Qaps si) is calculated by doubling that
in the pure SINW (Q,ps pure si=18.5, Fig. 2b), that is, Qups,
si=37.0. Secondly, the amount of light being absorbed in the
Ag-cap (Qaps,ag) 15 calculated by subtracting Qaps i from that
in the Ag-cap/SiNW (Qups agsi=52.0, Fig. 2b), that is, Q,ps,
ag=15.0. Finally, the proportion of ohmic loss in the whole
amount of light being concentrated can be estimated as
Qabs,ag/ Qext,ag-si=18.0%, where Qeyiagsi (83.5, Fig. 2a) is
the extinction efficiency of the Ag-cap/SiNW.

Except for the part being lost, the left light concentrated
will have two outcomes: being scattered out or being
absorbed by the silicon. From the inset in Fig. 2c it can be
observed that the scattered light occupies a large ratio,
which reach 38.0% and 48.0% for 4=380 nm and 520 nm,
respectively. Thus, to investigate the scattering features of
these light is of great importance for the fully utilization of
them. In Fig. 4, the angle distributions in resolution 5° for
the scattered light with 1=380 nm and 520 nm are plotted,
respectively. And their forward scattering fractions (FSF)
are obtained by calculating the ratio between the integral
of scattering intensity in range 0°-90° and that in range
0°-180°. As illustrated, the FSF of the light with 1=380 nm
and 520 nm reaches 98.9% and 99.7%, respectively. These
high FSFs mean that the most of the scattered light is still
possible to be captured, for example, by a substrate, and
has great potential to be well utilized in the design of the
novel devices.

Additionally, for the light with 4=380 nm, the FSF of the
Ag-cap/SiNW is 3.4% and 4.3% greater than that of the pure
SiNW (Fig. 4b) and the pure Ag-cap (94.6%, not plotted),
respectively. This indicates the Ag-cap and the SiNW can
enhance the forward scattering each other. From the insets
in Fig. 2b it can be seen that the absorbed fractions in the
Ag-cap/SiNW are greater than those in pure SiNW when
A>500 nm. This indicates the Ag-cap has the capacity to
enhance the light absorption within the silicon part in long
waveband. The enhanced forward scattering and absorption

100
Ag-cap/SiNW
250 l
FQS 12.5
0 10 " T .
e
T Pure SINW
[E/|E0] =1 l
20 15 10 -05 00 05 10 15 20

X (um)

Fig. 3 The axial variation of IF1?/1Eyl> along the Ag-cap/SiNW and the pure SiNW, for light with wavelength 380 nm. (a) ex
for the data sources: the definition of coordinates, the incident light polarization and the positions where IEl is extra:
{b) the variation curves of IE?/IEg/%. The positions y=0.035 um, z=0.0 pm correspond to the most intensive electric f

silicon part of the Ag-cap/SiNW and the pure SiNW.
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Fig. 4 The angle distribution of scattering intensity around the Ag-cap/SiNW and pure SiNW in angular resolution 5° for light with
wavelength 380 and 520 nm. (a) the definition of 9; (b) the distribution for light with 1=380 nm; (c) the distribution for light with

A=520 nm.

mean more tight confinement on the concentrated light,
and thus are of positive significance in future applications.
Moreover, these two phenomena are similar to those
occurred on the structure with silver particles deposited
on bulk substrate [45,47], and thus can be alsc explained by
the function of metal particles in redirecting light prefer-
entially into the high-index substrate [44].

The light distribution within and out the Ag-cap/
SiNW

From above discussions, it has been demonstrated that the
Ag-cap/SiNW owns excellent light-concentration ability in
broadband. While, to shed the concentrated light upon the
critical issues in the future photovoltaic or other photonic
applications of this Ag-cap/SiNW, it is also of great impor-
tance to accurately make clear the light distribution
features within and out it.

We pay attentions to the distribution of light out the
Ag-cap/SiNW (scattering light) firstly. Based on the angle
distribution curves in Fig. 4, it can be observed that most of
the scattering light tends to distribute in a narrow angle
range, §<20°, around the Ag-cap/SiNW. Over 79% and 87%
of the scattering light with 1=380 nm and 520 nm will be
confined in a conical space with cone angle of 20°,
respectively.

Then, we focus on the distribution of light within the
Ag-cap/SiNW (absorption light). Fig. 5 gives the distribution of
the electric field, whose square is equal to the light intensity,
in the Ag-cap/SiNW. To deliver a better view of the light
intensity variation in the lateral direction, the x-axis and
y-axis aspect ratio has been intentionally enlarged to 3:1. It
can be seen from Fig. 5a. In1 and Fig. 5b. In1 that, for both
the light with =380 nm and 520 nm, the field is not uniform
throughout the cross section but tends to localize near the
surface of the SINW. To describe these near-surface distribu-
tion features more clearly, we divide the cross section into
100 annuluses with identical Ar, integrate the square of the
field intensities over every annulus, and give the radial
distribution of these integrations in Fig. 5a. In2 and Fig. 5b.
In2. Over 95% and 91% of the absorption light with 1=380 nm

and 520 nm will localize in a near-surface layer of the SiINW
with 20 nm thickness, respectively.

As a summary, the concentrated light by the Ag-cap/
SiNW, no matter within or out it, no matter with short or
long wavelength, both shows the strong near-surface dis-
tribution feature.

Application prospects of the Ag-cap/SiNW

In above, the light-concentration features of the Ag-cap/SiNW
have been studied in detail based on DDA method. According
to the previous research [48] and our verification calculations
(see the Supporting Information), the DDA method can give
reliable results. Therefore, the following application pro-
spects based on the calculation results will be reliable still.

The significantly broadened light-concentration wave-
band 300-620 nm of the Ag-cap/SiNW comparing with that
of pure SiNW, 440-620 nm, indicates that this structure has
stronger sunlight harvesting ability than pure SiNW and thus
has great potential in high-performance solar cells
applications.

Firstly, the number of solar photons trapped effectively
per unit time and sectional area by a single Ag-cap/SiNW is
estimated under an AM1.5 spectrum over 300-800 nm. This
can be represented and calculated by the solar-spectrum
weighted effective light-harvesting efficiency, Qssw-elt

800
0 Wami s (@[Qext (ﬂ) - Qsca—b (ﬂ) - Qohm—loss (ﬁ)]dﬁ

(14)

where Wuui5(4) is the weighting factor derived from fgg

Wami 5(A)dAi =1, Qexe(4) is the extinction efficiency, Qscab(4) is
the back scattering efficiency (taken as 1% x Qs over 300-
800 nm according to Fig. 4). Qgm-oss(4) is the ohmic losses
efficiency (taken as 18% x Qexc(4) over 320-440 nm and 0 in
other waveband). The obtained Qw.eit is 72.0, which is 28%
larger than that of the pure SiNW, 56.2.

Secondly, an enhancement of the short-circuit photocur-
rent density Js. in solar cell using this Ag-cap/SiNW o
using pure SiNW is estimated theoretically. Ur
assumption that the forward scattered light can
completely utilized, the Js. of a solar cell can be ca

Qosw—ett =
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as

Jse = CI/ Fam5(2) x Qelt—array(ﬂ) x IQEdA (15)
where, g is the charge carried by one electron; Fam1.5(1) is
the spectral photon flux density delivered by the sun [49];
IQE is the internal quantum efficiency, whose value is taken
as 100%, according to the recent demonstration [19] on
nanowire junction devices; Qeic-array(4) is the effective light-
harvesting efficiency, which equals

[Qext(ﬂ) - Qsca—b(ﬂ) 7Q0hm—loss(2)] / Qext(ﬂ) Qext(j') x R>1
[Qextu) - Qsca—bu) - Qohm—lossu)] xR Qextu-) x R<1

(16)

where, R is the cover fraction of nanowire on the substrate,
whose value is chosen according to the value of Qe (4).
Since the values of Qex(4) are so large (on the order of
magnitude 10 to 10%) in the working waveband of the
Ag-cap/SiNW, only a small R is enough to harvest most of
the sunlight. In our estimations, R=3.0% is used to almost
harvest the sunlight completely but not quite. This is very

Qelt—array(j') = {

approximate to the R value used in Ref. [37]. As a
consequence, the ideal short-circuit photocurrent density
of solar cell using the Ag-cap/SiNW is 27.7 mA/cm?, which
shows 16% larger than that using pure SiNW, 23.9 mA/cm?.

The near-surface distribution feature of the concentrated
light within and out the Ag-cap/SiNW is also of great helpful
for its application in high-performance solar cells. This
distribution feature provides a reasonable optical explana-
tion for the huge superiority of radial junction over axial
junction SiNW solar cells (the reported highest conversion
efficiency of them is 15.14% [50] and 1.9% [51], respec-
tively): in radial p-n junction SiNW solar cells, the p-n
junction fabricated near the nanowire surface is coinci-
dently locate at the strong light zones [7] according to our
calculations, thus is very suitable for the generation and
timely collection of the photo-carries.

Except for photovoltaic application, the Ag-cap/SiNW also
has other potential applications. Since the hen’ T
shape naturally accepts large angles of incidence
structure may have a function to capture and cc
light from various incident angles. At the same time
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waveguide ability of SiNW will make the concentrated light
being redirected and exported in a unidirectional direction
with low loss. So, this Ag-cap/SiNW structure (actually, not
limited to silicon but other semiconductor nanowire might as
well) could be recognized to be a plasmonic signal-amplifier
connected by a unidirectional information highway. Ag-cap/
SiNW thus has great application potential in nanoscale
plasmonic optical biosensor [53], nano-waveguide [54], or
nano-lenses used in future light-integrated-chip [55].

Conclusions

In summary, we present a light-harvesting structure, Ag-cap/
SiNW, and report comprehensive investigations on its optical
properties by the DDA method. This Ag-cap/SiNW presents
two outstanding optical features. The first one is that it
shows a broadband light-concentration ability in waveband
300-620 nm, which results in that it owns significant super-
iority over pure SiNW in light-harvesting: a 28% enhanced
effective light-harvesting efficiency is obtained. This light-
harvesting ability makes the ideal photocurrent density in
solar cell using Ag-cap/SiNW show 16% higher than that using
pure SiNW. The second feature is that the light concentrated
by the Ag-cap/SiNW shows strong near-surface distribution
feature within and out the silicon nanowire, which gives a
reasonable explanation for the huge superiority of radial
junction SiNW solar cells over axial junction SiNW solar cells
from the optical aspect. Except for photovoltaic applications,
this Ag-cap/SiNW structure also shows potential applications
in nanoscale optical devices such as optical biosensors or
light-integrated-chips. The findings obtained herein can
provide insightful guidelines for structural design, optimiza-
tion, and thus improve performance for future solar cell and
other optical devices.
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