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Chapter 3

Light Trapping in Coaxial Nanowires
of ¢-Si Cores and a-Si Shells

Jeong Il Oh, Wenfu Liu, Weigiang Xie and Wenzhong Shen

Abstract Light absorption is investigated in coaxial nanowires (NWs) of crystalline
silicon (c-Si) cores and amorphous silicon (a-Si) shells, including both cases of single
coaxial NWs and coaxial NW arrays, for an incident light spectrum of 1.0-4.0eV
covering the major solar band for photovoltaic cells. Based on the Lorenz-Mie light
scattering theory for the single coaxial NWs and the rigorous coupled-wave analysis
method for the coaxial NW arrays, it is found that the incident light is effectively
trapped in the coaxial NWs through absorption resonances so that the light absorption
of the coaxial NWs can be significantly enhanced compared to that of c-Si NWs.
In the coaxial NWs, the absorption resonances occur due to their subwavelength
dimensions, as in the c-S1 NWs, whereas the absorption enhancement originates
from the a-Si shells. By tuning their structural parameters, the light absorption in the
coaxial NWs can be readily optimized for photovoltaic applications. At the optimal
absorption conditions, the photocurrent in the coaxial NWs can be enhanced up to
560 % (single case) and 14 % (array case) compared to that in the c-Si NWs. The
underlying physics of the light absorption in the coaxial NWs is discussed in terms
of the excitation of leaky-mode resonances. The practical use of the coaxial NWs
for photovoltaic cells is also addressed.

3.1 Introduction

Light trapping is a very important technology to increase the light absorption of and
thereby to enhance the power conversion efficiency of photovoltaic (PV) cells [1-35].
Surface texturing combined with front-surface antireflection coating and rear-surface
reflector is conventionally used to elongate the optical path length of the incident light
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in commercial PV cells [2], whereas light interaction with subwavelength-scaled
matters is becoming a new approach to effective light trapping for next generation
PV cells, including plasmonic PV cells [3-8], thin-film PV cells with submicron-
sized light scatterers [9], and NW-based PV cells [10-35]. Among these, the latter
PV cells, especially based on c-Si NWs [15-35], have recently drawn considerable
attention because of their great potential to reduce the cost of the power generation
mainly owing to the new light-trapping scheme.

Sunlight can be effectively trapped in c-Si NWs mainly through absorption reso-
nances, leading to significant absorption enhancement compared to the bulk counter-
parts. The absorption resonances originate from the interaction between the incident
sunlight and subwavelength-scaled c-Si NWs. [32-34] The light absorption in c-Si
NWs can exceed the conventional Lambertian limit of light trapping [35-38] so that
the light-trapping scheme in c-Si NWs is particularly important in designing next
generation PV cells based on Si nanomaterials. The light absorption in c-Si NWs can
be further enhanced by coating highly absorptive a-Si shells. [29] These hybrid NWs
of coaxial structure, comprising c-Si cores and a-Si shells, would be very attractive
since they could take advantage of superior light absorption property of a-Si [39]
while retaining long charge carrier diffusion lengths of c-Si (>200 wm) [40]. More
specifically, in PV cells made of such coaxial NWs of c-Si cores and a-Si shells,
the Si cores could serve as an efficient charge collector [41] to compensate for short
diffusion lengths of a-Si (~100nm) [40], and the a-Si shells could be used not only
as an excellent surface passivator [42] but also as an excellent energy absorber to
overcome rather poor light absorption of c-Si [39].

In this chapter, the light absorption and its underlying mechanism in the coaxial
NWs of c-Si cores and a-Si shells are investigated for both cases of single coaxial
NWs and coaxial NW arrays, based on the Lorenz-Mie light scattering theory [43]
and the rigorous coupled-wave analysis method [44—-46], respectively. Three impor-
tant findings of this investigation are: (1) The excitation of LMRs governs the light
absorption in the coaxial NWs; (2) the significant absorption enhancement in the
coaxial NWs, as compared to that in the c-Si NWs, stems from the a-Si shells; and
(3) the dimensions of the coaxial NWs can be optimally tuned for PV applications.
This chapter will first describe the calculation methods of the light absorption in the
coaxial NWs in the next section, extensively deal with the light trapping mechanism
in the coaxial NWs and its potential uses in PV applications in the following two
sections, and close with the summary and conclusions at the last section.

3.2 Light Absorption Calculation Methods

3.2.1 Lorentz-Mie Scattering Theory

The light absorption efficiency of single NWs can be calculated as follows: Within the
framework of the Lorentz-Mie light scattering theory, where single NWs are treated
as infinitely long cylinders, normally illuminated by a plane wave of the incident
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propagation vector ko [43]. For unpolarized light, the light absorption efficiency
Qabs, defined as the ratio of the absorption cross section to the geometrical cross
section of NWs, can be expressed as

Qabs — (Qabs Qabs)/2 (31)

where Q1F abs and Q™M abs are the light absorption efficiencies for transverse-electric (TE,
electric field perpendicular to the NW axis as in Fig.3.1a) and transverse-magnetic
(TM, electric field parallel to the NW axis as in Fig. 3.1a) illuminations, respectively.
These are decomposed into

TE TE TE ™ ™ ™
Qabs = Qext - Qsca’ Qabs = Qext - Qsca ) (3.2)

where QIE(QIE) and QIM(OT™) are the extinction (scattering) efficiencies for TE
and TM illuminations, respectively. These efficiencies are given by

2 o0
Oexi = ERe{ > an}, o = { > by } (3.32)

n=—oo n=—oo

Ocea = { D lanl } 0% = { > lbul } (3.3b)

n=—0o0 n=—0oo

where r is the radial dimension of the absorption part of a NW. In the case of a coaxial
NW of Si core and SiO; shell (a case of Fig.3.1b) under a major solar illumination
(1.0-4.0eV), for instance, r is r» but not r, since the bandgap of SiO; is over 4.0eV
so that the SiO» shell acts as a nonabsorbing medium in such a coaxial NW [13]. a,,
and b, can be readily obtained by solving Maxwell’s equations with the appropriate
boundary conditions at such interfaces as air/NW (Fig. 3.1a), air/shell and shell/core
(Fig.3.1b), and air/outer shell, outer shell/inner shell, and inner shell/core (Fig. 3.1c).
The coefficients a, and b,, can be written as

an = ano/D,". by = buo/ AM. (3:4)

(@) g ™ (b)_ ”
W T, [ %’/:“
( & \&

Fig. 3.1 Schematic diagrams of cylindrical NWs. Incident light polarizations with respect to the
NW axis (TE and TM), radii (r), and complex refractive indices () are indicated. a Single material
NW of r; and m . b Coaxial NW of core (1, and m») and shell (ri — r» and m). ¢ Coaxial NW of
core (r3 and m3), inner shell (r; — r3 and m»), and outer shell (r; — rp and m )
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For single material NWs as in Fig. 3.1a,

J)(kor1)  J)(kiry)

nQ) — y 3.5
n0 ‘mofn(korl) myJn(kiry) (3:52)
H) (kor1)  J,(kiry)
ATE — n n , 3.5b
g ‘mOHn(korl)mlfn(kli’l) (3-55)
i Jn(kory) Jn(kiry)
”"0"moJ,;(kon)mlJ,;(klrl) ’ (5:5¢)
Hy(kor1)  Jn(kiry)
AT™™ _ n . 3.5d
" ‘moH,’l(korl)mlf,é(klrl) (3.5d)
For coaxial NWs of core/shell structure as in Fig.3.1b,
0 J)(kiry)  H)(kara) — —J, (kar)
10 = 0 my1Jy(kiry) miHy(kary) —moJ,(kara) (3.62)
" J)(kor1)  J.(kir)  H,(kiry) 0 ’ '
moJy(kor1) myJ,(kir1) myHy,(kiry) 0
0 J)(kiry)  H)(kir2) — —J, (kar)
ATE _ 0 myJn(kiry) miHy(kir2) —maJ,(kara) (3.6b)
n H)(kor1)  J,(kir1)  H,(kiry) 0 ’ '
moHy, (kor1) miJ,(kiry) miH,(kiry) 0
0 Jn (ki) H, (karp) —Ju(kar2)
0 miJ, (kiry) myH) (kary) —maJ) (kara)
b — n n n , 3.6
n0 Jn (kory) Jn(kyry) H, (kyry) 0 (3.6¢)
moJ, (kor1) myJ, (kir1) miH) (kir) 0
0 Jn (ki) Hy (kyrp) —Jy(kara)
AT™M _ 0 myJ, (kira) miH)(kiry) —malJ, (kar) (3.6d)
" H, (kory) Jn(kyry) Hy (kyry) 0 )

moH, (kor1) miJ, (kir1) miH,(kiry) 0
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For coaxial NWs of double shell structure as in Fig.3.1c,

0 0 0 —J)(kor3)  —H, (kar3)  J, (k3rs)
0 0 0 —myJy (kor3) —mo Hy (kars) m3Jy, (k3r3)
0 = 0 Ji(kiry)  Hy(kira)  —J(kar2)  —H, (kara) 0
" 0 myJy(kir2) myHy,(kiry) —moJy(kary) —mo Hy, (kars) 0 ’
J,/l(kom) J,é (k1ry) H,/l(kll”]) 0 0 0
moJy (kor1) myJy(kiry) myHy(kyry) 0 0 0
(3.7a)
0 0 0 —J,’l (kor3) —H,/l(kzr3) J,;(k3r3)
0 0 0 —mo Jy(karz) —mo Hy (kar3) m3Jy,(k3r3)
ATE _ 0 Ji(kiry)  Hy(kira)  —J(kar2)  —H, (kar) 0
" 0 miJy (kira) myHy(kir2) —maJ, (kara) —mo Hy, (kara) 0 ’
H)(kor1)  J,(kir1)  H, (kiry) 0 0 0
moH, (kor1) myJy(kir1) myHy(kiry) 0 0 0
(3.7b)
0 0 0 —Ju(kor3)  —H,(kars)  Ju(k3r3)
0 0 0 —ma J, (kar3) —moH, (kar3) m3J, (k3r3)
byo = 0 Julkiry)  Hy(kira)  —Ju(kary)  —H,(karo) 0
" 0 miJ, (kiry) myH) (kiry) —maoJ, (kara) —mo H,, (kara) 0 ’
Julkor1) — Ju(kiry)  Hy(kiry) 0 0 0
moJ, (kor1) myJ,, (kir1) myH, (kiry) 0 0 0
(3.7¢)
0 0 0 —Ju(kors)  —H,(kars)  Ju(k3r3)
0 0 0 —ma J, (kar3) —moH, (kar3) m3J, (k3r3)
ATM _ 0 Ju(kiry)  Hp(kiry)  —Jy(kara)  —Hy(koro) 0
" 0 myJ, (kira) myH, (kiry) —maJ, (kara) —moH, (kaora) 0 ’
Hy(kor1)  Ju(kir1)  Hyp(kiry) 0 0 0
moH, (kor1) m1J, (kir1) miH, (kiry) 0 0 0
(3.7d)

where J, is the nth-order Bessel function of the first kind, and H,, is the nth-order
Hankel function of the first kind. The prime superscript stands for differentiation
with respect to the propagation vector k; = m;kyg (i = 0, 1, 2, and 3) for the air
environment (mo = 1). It is worth noting that the optical properties of single NWs
retain qualitatively same for a wide range of the angle of incident light so that the
angle of incident does not play an important role in designing NW-based optical
devices [32, 47].

3.2.2 Rigorous Coupled-Wave Analysis

The light absorption of coaxial NW arrays can be calculated by the rigorous coupled-
wave analysis (RCWA) method [44—46]. It has been initially developed for calcu-
lating the diffraction orders of one-dimensional (1D) gratings by solving Maxwell’s
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(a) fine ) (b) region I (£,)

Ia’ grating region

region II (&,)

(c)

%‘u

Fig. 3.2 Schematic illustrations of a 2D grating, comprising a rectangular array of coaxial pillars
with periodicities px and py. a Incident light (k") and electric field (Ejnc) are shown with respect
to the grating. b Side view of the grating, showing three regions of the grating. ¢ Top view of the
unit cell of the grating

equations and later extended to two-dimensional (2D) periodic structures with sub-
wavelength scale such as surface-relief gratings [46] and periodic nanostructures
[48]. As a frequency-domain simulation, it can readily incorporate material disper-
sion, thereby offering reflectance (R), transmittance (7), and absorptance (A) for
investigating the optical properties of subject materials. The RCWA approach to cal-
culating the light absorption of coaxial NW arrays can be programmed as described
in the following procedures.

Figure 3.2 illustrates a 2D NW pillar grating, consisting of three regions: The
incident region or reflected region with the relative permittivity €; (Region I), the
transmitted region with ¢, (Region II), and the grating region of a coaxial NW array
with three relative permittivities whose geometric parameters are shown in Figs. 3.2b
and 3.2c. A linearly polarized plane wave (k'"°) at an arbitrary angle of incidence
(0, ¢) is considered. The angle between the electric field (Ejy) and the plane of
incidence is denoted by ¢ so that v = 0° and 90° correspond to TE and TM
polarizations, respectively. The periodic relative permittivity €(x, y) in the grating
region (0 < z < d) can be expanded in a Fourier series as

2mmx 2nn
e(x,y)=8(x+px,y+py)=zemne><p(] - +J » y), (3.8)
x y

m,n

where &,,,, 1s the (m,n)th Fourier coefficient, which is determined only by the geom-
etry of the grating as shown in Fig.3.2c. The electric-field vectors in the regions |
and II are given by

E| = Eipe + Z Ry expl—j (ky mX + ky 0y — ki n 21, (3.9a)

m,n
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En = Z Tnn exp{—Jjlkxmx + kyny + k?mn (z =)}, (3.9b)

m,n

where Ejn is the normalized incident electric-field vector (i.e., |Einc|* = 1) and
T'mn (Tun) 1s the normalized amplitude of electric-field vector in the (m,n)th reflected
(transmitted) diffraction order. In Equations 3.9a and 3.9b, the components of wave
vector are determined from the Floquet condition as

kym = k" —27m/p,, (3.10a)
kyn = ki'® = 27tn/ py, (3.10b)
l. JKger = (2, +K2,) K2, +12, < Ks)
kz,mn = ) 2 ) 5 ) i =l andII,
—i 62, R — K (2, + K, > ke
(3.10¢)

where k" is the wave vector of the incident light and kg = 27 /1o with Ag the
wavelength of the incident light in free space. The electric- and magnetic-field vectors
(Eg and Hy) in the grating region can be expressed in terms of the space-harmonic
fields as

Eg =D Sunexpl—j (kxmx +kyny)l. (3.11a)
m,n
£0 1/2
Hg = —j (MO) > U expl—j (ke mx + ky )], (3.11b)
m,n

where S,,, and U,,, are the normalized amplitudes of the (m,n)th space-harmonic
fields, &g is the permittivity of free space, and ¢ is the permeability of free space.
E, and H, satisfy Maxwell’s curl equations in the source-free space as

VxE;,=—jonwHy, V X H,= jwsyeky,. (3.12)
Inserting Equations 3.11a and 3.11b into 3.12, one can obtain a set of coupled-wave
equations, which can be readily solved by applying the boundary conditions for

electric- and magnetic-field components. The reflected and transmitted efficiencies
for the (m,n)th diffraction order are defined as

kI kH
DER = |Rmn|2Re( ;H’fc”) DE! = |Tmn|2Re( ,;Tcn) (3.13)
The total reflectance (R) and transmittance (7) are obtained by summing all diffraction

orders as
R = ZDEmn, T =Y DE,, (3.14)
m,n
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For lossy dielectric materials, the total absorptance (A) is simply calculated by A =
1 — R — T. The accuracy of the RCWA simulation depends on the number of
the space-harmonic fields retained in Equations 3.11a and 3.11b. It is worth noting
that although it is a powerful simulation tool for periodic subwavelength structures,
the RCWA method is also well applied to capturing the main optical properties of
aperiodic structures by modeling the structures appropriately [49, 50].

3.3 Light Trapping in Single Coaxial Nanowires

The light absorption in single coaxial NWs of ¢-Si cores and a-Si shells can be well
described within the framework of the Lorenz-Mie light scattering theory [43]. The
term ‘single’ will be omitted hereafter if there is no confusion in this section. Such
a hybrid system, which is a case of Fig.3.1b, is simply characterized by the core
radius r of ¢-Si, the shell thickness ¢ of a-Si, and the total radius R = r + ¢. The cross
section of the coaxial NWs is illustrated in Fig. 3.3a, together with the incident light
perpendicular to the NW axis (thick arrows). The light absorption efficiency Q gps,
which is a measure of the capability to absorb light, can be obtained from equation 3.6

(a) / 1.2 {(b) =50nm ]
/‘/ 0.9 - \_, 1
' S 0.6 T
M 0.3 - —r=ll}l]nm'_
- =50nm
1 - ——=25nm
alr 0.0 ——————
1.0 1.5 2.0 25 3.0 35 40
Ep(eV)
~=150nm 1.0 4 (d} R;lsunml : __:,,.d——
--------- =100nm |
=50nm 0.8 4 4
====f=]l0nm |[|
2 —i=lnm 2 0.6 - ]
Qj-‘ &.ﬂ
0.4 :
0.2 —EI.vIJEc\' (resonance)
= EI.—-«I.SSE\' {off-resonance)
UO T T T T
4.0 0 30 60 a0 120 150

f (nm)

Fig. 3.3 a A schematic diagram of the cross section of coaxial NWs. Thick arrows indicate the
incident light. b Qubs versus E, for various ¢ at » =50nm. ¢ Q,ps versus Ep for various 7 at
R = 150nm. Qgps for bulk Si and bulk a-Si is shown for comparison. d Qaps versus 7 at E}, ~ 1.32
and 1.53eV. (Reproduced with permission from Liu et al. [53]. © 2011 IOP Publishing Ltd.)
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for the coaxial NWs. For Qg calculations, the complex refractive indices of ¢-Si (1)
and a-Si (m) were taken from [39].

The absorption efficiency Qaps 1s presented versus photon energy Ej in Fig. 3.3b,
in coaxial NWs of a fixed core radius (»r = 50 nm) for various shell thicknesses (r = O,
25,50, and 100nm) in air (mo = 1). Regardless of the shell thicknesses, there occur
distinct absorption resonances even for c-Si NWs (¢ = 0), indicating that they do not
simply come from the hybrid nature of coaxial NWs. These absorption resonances
are in fact an interesting property of NWs, so-called leaky-mode resonances (LMRs)
that can arise when light is incident onto subwavelength structures of high refractive
indices, as will be discussed in detail later. In the figure, it has to be emphasized that
the coaxial NWs (¢ # 0) have significantly enhanced light absorption for the weak
absorption region (E}, <3.0eV) of the c-SiNWs (1 = 0), likely due to the a-Si shells.

The absorption efficiency Qaps is also presented versus photon energy E) in
Fig.3.3c, in coaxial NWs of a fixed total radius (R = 150 nm) for various shell thick-
nesses (¢t = 0, 10, 50, 100, and 150 nm) in air, together with those in bulk c-Si and
a-Si of 300nm (=2R) thickness for comparison. Note that t+ = 0 and 150 nm rep-
resent c-Si and a-Si NWs of the radius 150 nm, respectively. The light absorption
in the c-Si and a-Si NWs, as compared to in their bulk counterparts, is signifi-
cantly enhanced for the entire solar band investigated (E, = 1.0 —4.0eV) and, more
importantly, this absorption enhancement is more significant for the weak absorp-
tion solar bands of the bulk materials (Ep <3.0€V for ¢-Si and <1.8¢eV for a-Si)
mainly owing to the occurrence of absorption resonances in these NWs. As the
a-Si shell thickness increases, on the other hand, the overall light absorption in the
coaxial NWs is quickly enhanced and becomes rather saturated for # > 100nm.
Such saturating behavior can be clearly seen from Fig. 3.3d, which displays a scaled
absorption efficiency Qaps = Qabs(t)/ Qabs(f = 150nm) at two representative pho-
ton energies, i.e., at E, ~ 1.53eV (off-resonance) and ~1.32¢V (resonance). Note
that Qaps(f = 150nm) is the absorption efficiency of the a-Si NWs of the radius
150nm. The absorption efficiency of the coaxial NWs reaches ~90 % of that of the
a-SiNWs (90.1 % at E}, ~ 1.32¢eV and 88.3 % at ~1.53eV) at t = 100nm (=2r). It
is important to address that the light absorption of coaxial NWs can further increase
up to additional ~10 % for ¢ > 100 nm, however, the performance of PV cells made
of such coaxial NWs may be degraded due to the poor charge collection of thick
a-Si shells: charge carrier diffusion lengths of a-Si ~100nm. Thus, the saturating
behavior of the absorption efficiency may help in designing coaxial NWs-based PV
cells of enhanced light absorption (owing to the a-Si shells) with still high charge
collection (owing to the c-Si cores).

The absorption resonance behavior of coaxial NWs presented above can be
understood in terms of LMRs that may occur in subwavelength structures of high
refractive indices such as semiconductor NWs [13, 32] and nanospheres [51]. For
high-refractive index NWs, the incident light can be trapped in the NWs by multi-
ple internal reflections, between which constructive interference arises and leads to
LMRs when the wavelength A of the incident light matches up with one of LMRs
supported by the NWs. LMRs can be expressed as TM,,; or TE,,;;, where m and |
are the azimuthal mode number and the radial order of LMRs, respectively. As in
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Fig. 3.4 (Left) Qaps versus Ep at r = 50nm and ¢ = 100nm for TM- and TE-polarized illumi-

nations. (Right) Distributions of the electric field intensity |E |2 (normalized to the incident light)
inside the coaxial NWs are shown for the LMR peaks indicated. (Reproduced with permission from
Liu et al. [53]. © 2011 IOP Publishing Ltd.)

Fig. 3.4, showing the absorption efficiency Qaps for coaxial NWs of » = 50nm and
t = 100 nm under TM-/TE-polarized illumination, each absorption resonance corre-
sponds to such a specific LMR as TM,/TE>; (nondegenerate) near E, ~ 1.70eV
(A ~ 730nm) and TMy; /TE; (exact degenerate) at E, ~ 1.32eV (A ~ 940nm).
Fig. 3.4 also shows the cross-sectional distributions of the electric field intensity | E|?
inside the coaxial NWs at the resonance peaks. The amplitudes of |E|? are clearly
stronger in the a-Si shells than in the c-Si cores. Thus, Fig. 3.4 provides compelling
evidence that the incident light can be effectively trapped in the coaxial NWs through
LMRs and also that the light absorption enhancement in the coaxial NW's arises owing
to the a-Si shells.

The light absorption in coaxial NWs can be better seen from two-dimensional
(2D) Qaps maps, as plotted in Fig. 3.5, versus R and E}, at a fixed g = 2 for TM-/TE-
polarized illumination, where g is defined as the ratio of the a-Si shell thickness to
the c-Si core radius, i.e., g = t/r. Each absorption resonance corresponds to a LMR,
as labeled in the figure. These 2D Q4,5 maps provide extensive tunability of the light
absorption in coaxial NWs. As the total radius R increases, there occur more LMRs
and the position of each mode is shift to lower energy, indicating a redshift. At a
given R, the coaxial NWs show relatively high absorption at a high photon energy
region (E, > E¢),e.g., Ec ~ 1.32eV at R = 150 nm, as indicated with an arrow in
Fig. 3.5a. Such high absorption has also been reported in similar yet arrayed coaxial
NWs [29]. Importantly, it is evident from the figure that the light absorption can be
particularly high if the total radius R is tuned such that the light absorption spectrum
contains TMy; (the strongest LMR) or TM; (the second strongest LMR) mode,
respectively.

The tunability of the light absorption gives a useful hint to design high-performance
PV cells based on coaxial NWs. In order to investigate a potential benefit of such PV
cells, one can calculate the photocurrent density or short-circuit current density Jsc
in coaxial NWs as
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Fig. 3.5 Qups versus R and E, at g = 2 for a TM- and b TE-polarized illuminations. The dashed
lines represent the results shown in Fig. 3.4. LMRs are indicated. See text for E.. (Reproduced with
permission from Liu et al. [53]. © 2011 IOP Publishing Ltd.)

Jsc (R, g) = 6]/ Qabs (Ep, R, g) F (Ep) dEp, (3.15)

where ¢ is the elementary charge, F(E)}) is the reference AM 1.5G spectra [52],
and 100 % charge collection efficiency is considered to obtain the ultimate pho-
tocurrent density. A 2D Jsc versus R and g is presented in Fig.3.6a. At a given
R, Jsc is fast enhanced with g increased and its enhancement then becomes slow
for g > 2 (ie,t > 2r), e.g., Jsc(g = 2) reaches 93.6% of Jsc(g — ©0)
at R = 150nm, where Jsc(g — oo) implies Jgcof a-Si NWs. In Fig.3.6b, the
R-dependent Jsc in the coaxial NWs is presented at a fixed g = 2, together with
those in Si NWs, bulk Si, and bulk a-Si, having the same volume of materials, for
comparison. The coaxial NWs can clearly produce much larger photocurrent than
their counterparts. For example, the coaxial NWs yield Jsc = 28.2mA/cm? at
R = 150nm (or r = 50nm and ¢ = 100nm), which appears significant as com-
pared to 8.5mA/cm?in the Si NWs. Such photocurrent enhancement of the coaxial
NWs with respect to the counterparts can be readily seen from Fig.3.6c, where
the photocurrent enhancement factor (PEF) is plotted versus R. The PEF is defined

as (Isc.enw/Venw — Isc.cp/Ver)/Usc.cp/Vcr), where Isc cnw(Venw) and
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permission from Liu et al. [53]. © 2011 IOP Publishing Ltd.)

Isc.cp(Vcp) are photocurrents (volumes) for the coaxial NWs (g = 2) and the
counterparts (Si NWs, bulk Si, and bulk a-Si), respectively. The PEF curves with
respect to the bulk counterparts exhibit a series of local maxima at certain R’s as
indicated with the triangles in Fig.3.6c. These local maxima result primarily from
the occurrence of such LMRs as TMq;, TM11/TEq1, TM21/TE11, and TM12/TE>;
from the left to the right. At these R’s (11, 55, 125, and 165 nm), the PEF against the
bulk Si (bulk a-Si) are 30.1 (4.1), 13.0 (1.7), 8.5 (1.2), and 7.2 (1.0), respectively.
Also, it ranges between 2.1 and 5.6 with respect to the Si NWs for the entire R
investigated.

A practical use of coaxial NW PV cells may be limited since the electrical power
generated is extremely low due to their nanoscale dimensions. They may be however
still useful to power nanoelectronic devices that may require ultralow power. There
has been a pioneer work recently, demonstrating that coaxial NW PV cells can serve
as power sources to drive functional nanoelectronic sensors and logic gates [15]. The
coaxial NW PV cells were made of p-type c-Si cores, intrinsic nanocrystalline Si
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Fig. 3.7 a SEM images of a coaxial NW PV cell: (leff) p-type c-Si core, intrinsic nc-Si shell, and
n-type nc-Si shell. (middle) selective etching to expose the p-core. (right) metal contacts
deposited on the p-core and n-shell. Scale bars are 100nm (left), 200nm (middle), and 1.5 m
(right). b Dark and light I-V curves. ¢ Real-time detection of the voltage drop across an
aminopropyltriethoxysilane-modified silicon nanowire at different pH values. The silicon nanowire
pH sensor is powered by a coaxial NW PV cell operating under 8-sun illumination (V,. = 50.34V,
Isc = 58.75nA). Inset shows circuit schematics. (Reprinted with permission from Tian et al. [15].
© 2007 Nature Publishing Group.)

(nc-Si) shells, and n-type nc-Si shells, as shown in Fig. 3.7a. I-V curves are also shown
in Fig.3.7b, providing that an open-circuit voltage Voc of 0.260V, a short-circuit
current Isc of 0.503nA, a fill factor of 55.0 %, and the maximum power output of
72 pW at 1-sun. The upper bound of a short-circuit current density estimated was
about 23.9 mA/cm?, similar to our calculated result (28.2mA/cm? at R = 150 nm)
presented above. Importantly, the functionality of the coaxial NW PV cells has been
demonstrated to power a nanoelectronic sensor, as can be seen from Fig. 3.7c.
Although the coaxial NW PV cells may not be used for large-scale power genera-
tion, the light trapping mechanism in coaxial NWs may help in designing large-scale
PV cells. A feasible way is to make use of planar semi-coaxial NW arrays, as illus-
trated in Fig. 3.8. Such planar NW arrays can be fabricated on c-Si wafers by means
of current lithography technique (for c-Si cores) combined with chemical vapor
deposition (for a-Si shells). The underlying mechanism of light absorption in planar
NW arrays may not be expected to be much different from that in the single coaxial
NWs (i.e., LMRs) discussed above, except that coupled LMRs might be considered
if neighboring NWs are too close [33]. The optimal dimensions of the planar NW



58 J.I. Oh et al.

& | o)
gl ; n-type a-Si shell

— intrinsic a-Si shell

p-type c-Si core

Fig. 3.8 Schematic illustrations of wafer-scale PV cells made of planar semi-coaxial NW arrays.
a Overall look. b Side view, showing p-type c-Si core, intrinsic a-Si shell, and n-type a-Si shell

arrays for PV applications, however, need to be further investigated, which is beyond
the scope of this chapter.

3.4 Light Trapping in Coaxial Nanowire Arrays

The light absorption in coaxial NW arrays of c-Si cores and a-Si:H shells can be
numerically calculated by the RCWA method [44—-46]. Here, vertically aligned square
arrays in air are considered, which are a case of the 2D grating depicted in Fig.3.2,
so that the regions I and II can be treated as air, the pitch p = px = py, and the
length of the NWs L = d. Such coaxial NW arrays are simply characterized by the
pitch p, the length L, the core radius r of c-Si, the total radius R (or the a-Si:H shell
thickness = R —r), and the filling ratio f = wR?/p?. For RCWA simulations, TE-
and TM-polarized lights were considered to be incident at an angle of 6 in the x — z
plane (¢ = 0 in Fig.3.2a) and the complex refractive indices of c-Si (m, = 8;/ % in
Fig.3.2¢) and a-Si:H (m3 = 8;/2 in Fig.3.2c) were taken from [39].

Absorptance and reflectance are presented versus photon energy E), in Fig.3.9,
in coaxial NW arrays of p = 200nm, » = 50nm, and L = 1.0 wm for various shell
thicknesses (f = 0 — 50 nm, corresponding to the filling ratio f = 0.196 — 0.785)
at & = 0° (i.e., parallel to the z axis or the NW axis). As shown in the top panel
of Fig.3.9a, the light absorption in c¢-Si NW arrays (¢ = 0) is clearly enhanced for
high photon energy (Ep, >2.5e¢V) compared to in ¢-Si thin films, likely resulting
from lower reflection in the former than in the latter (see the top panel of Fig.3.9b).
This absorption enhancement may be associated with intrinsically lower reflection
in ¢-Si NW arrays due to their open structure. The NW array structure has a large
open area, naturally leading to low reflection that perhaps results in high absorption.
This absorption enhancement may also be associated with interwire light scattering
[10, 27], which occurs when dimensions of NW arrays (diameter and pitch) are
comparable to the wavelength of incident light, elongating the optical path length.
Although it is enhanced for the high photon energy, the light absorption in c-SINW
arrays remarkably drops for the photon energy range of 1.5-2.5eV that is the most
important solar band for PV applications. This absorption drop has been known to
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Fig. 3.9 a Absorptance and b reflectance versus Ej, for various ¢ at p = 200nm, r = 50nm,
L = 1.0pm, and & = 0°. (Reproduced with permission from Xie et al. [54]. © 2011 American
Institute of Physics.)

come from the indirect bandgap nature of c-Si that leads to a poor capability to
absorb low energy photons (E, < 2.5eV) [19]. Although this low energy absorption
suppression has been known to be improved to some extent by tuning the geometry of
NW arrays (length, diameter, or/and pitch), its improvement is rather limited [ 19-21].

It is evident in Fig.3.9a that the light absorption in c-SiINW arrays for the low
energy (1.5-2.5eV) is significantly reinforced by coating a small amount of a-Si:H
(t = 10nm). Such absorption reinforcement in coaxial NW arrays may be expected
from the fact that the imaginary part of complex refractive index, which is propor-
tional to the absorption coefficient, is ~10 times bigger in a-Si:H than in c-Si for the
low energy: e.g., it is 0.217 (0.022) for a-Si:H (c-Si) at E, = 2.0eV [39]. As the
shell thickness increases to 30 nm, the light absorption is further enhanced mainly
owing to distinct absorption resonances. For a further increase of the shell thickness
to 50 nm, however, the overall absorption becomes smaller than that for 1 = 30 nm,
since a larger material filling ratio for # = 50 nm leads to a smaller open area which
then results in larger reflection as can be seen in Fig.3.9b. It has to be emphasized
here that the distinct absorption resonances, which are in fact LMRs discussed below,
are clearly a major source of the absorption enhancement in coaxial NW arrays for
the low photon energy. In Fig. 3.10a, the Ep-dependent absorptance is presented for
coaxial NW arrays (R = 80nm, r = 50nm, and L = 1.0m), c-Si NW arrays
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Fig. 3.10 a Absorptance versus E, for coaxial NW arrays (R = 80nm, 1 = 30nm) and c-Si NW
arrays (r = 80nm) at p = 200nm, L = 1.0 wm, and 8 = 0°, together with for disordered coaxial
NW arrays (R = 74-90nm, r = 15-30nm, L = 1.282um from [29]). b Jsc versus f for coaxial
NW arrays (r = 50nm) and c¢-Si NW arrays at p = 200nm, L = 1.0pum, and 8 = 0°, together
with for c-Si thin film of 1.0 wm thick. (Reproduced with permission from Xie et al. [54]. © 2011
American Institute of Physics.)

(r = 80nm and L = 1.0 wm), and disordered coaxial NW arrays (R = 74-90nm,
r =15-30nm, and L = 1.282 pm from [29]). The amplitudes of resonances indicted
with arrows are evidently bigger in the coaxial NW arrays than the c-Si NW arrays,
similar to a behavior of LMRs occurring in the single coaxial NW system discussed
in the previous section. The number of resonance peaks is less in the coaxial NW
arrays than in the c-Si NW arrays, also similar to another behavior of LMRs occurring
in the single coaxial NW system. Interestingly, absorption resonances won’t occur in
the disordered coaxial NW arrays [29], implying that absorption resonances appear
to be a signature of ordered NW arrays.

In addition to a large open area and the interwire light scattering as mentioned
above, absorption resonances evidently play an important role in the absorption
enhancement in coaxial NW arrays. As discussed in the previous section, LMRs
occur and serve as a primary source to trap light in the single NW system. Further-
more, LMRs have recently been shown to be a major source of absorption enhance-
ment in the NW array system [34]. Note that, in this chapter, the incident light is
considered to be perpendicular to the NW axis in the case of the single coaxial NW
system, whereas it is parallel to the NW axis in the case of the coaxial NW array
system. Although the configuration of incident light versus the NW axis results in
different kinds of excitation of LMRs, i.e., TM and TE modes (perpendicular) and
hybrid TM-dominant HE modes (parallel) [34], a primary role of LMRs in the light
absorption is essentially same for both cases. Note also that LMRs, which result
from the interaction between light and subwavelength matters, are physically differ-
ent from Fabry-Pérot resonances, which come from interference between multiple
reflections of light from two reflecting surfaces. The latter is typically observed in
c¢-Si thin films (see regular interference patterns in the top panels of Fig.3.9).

As in single coaxial NWs, one can calculate the ultimate photocurrent density or
short-circuit current density Jgc to evaluate the absorption enhancement in coaxial
NW arrays for photovoltaic applications as
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Jsc(f, p) = CI/A(EP, f.p) F (Ep)dEp, (3.16)

which is the same equation as equation 3.15, expressed with absorptance A instead
of absorption efficiency Qgps. The f~dependent (or t-dependent) Jsc is presented in
Fig.3.10b, in coaxial NW arrays of r = 50nm, p = 200nm, and L = 1.0pm.
Jsc in the coaxial NW arrays has the maximum of 17.0 mA/cm? at f = 0.5 (or
t = 30nm), at which Jsc is 11.3mA/cm? (8.5mA/cm?) in c-SiNW arrays of the
same dimensions (c-Si thin film of 1.0 wm thick). At this optimal filling ratio f = 0.5,
the light absorption in the coaxial NW arrays is highest as can be seen in Fig.3.9a.
As a result, the PEF of the coaxial NW arrays is about 0.5 (3.0) with respect to the
c-SiNW arrays (c-Si thin film).

To further investigate the optimal geometry of coaxial NW arrays for PV appli-
cations, absorptance and reflectance are shown versus E, in Fig.3.11, in coaxial
NW arrays of f = 0.5,r/p = 1/4, and L = 1.0 wm for various pitches (p = 100-
900 nm, corresponding tot =14.9—134.1nm) at@ = 0°. The top views of coaxial NW
arrays with different pitches are schematically shown in Fig.3.12a. For the smallest
pitch (p = 100nm), the absorption spectrum exhibits a clifflike behavior: a plateau of
high absorption (A = 80 ~ 87 %), a cliff edge (Ecg ~ 2.0eV), and a sharp cliff hill.
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Fig. 3.11 a Absorptance and b reflectance versus E, for various p at f = 1/2,r/p = 1/4,
L = 1.0um, and & = 0°. See texts for Ecg. (Reproduced with permission from Xie et al. [54].
© 2011 American Institute of Physics.)
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Fig. 3.12 a Schematic top views of coaxial NW arrays with p = 100, 300, 600, 900 nm from left to
right at f = 1/2andr/p = 1/4. b Jsc versus p for coaxial NW arrays (r/p = 1/4) and c-Si NW
arrays [r/p = (1/27)'/?)at f = 1/2, L = 1.0 um, and 6 = 0°, together with for c-Si thin film
of 1.0 wm thick. (Fig.3.12b is reproduced with permission from Xie et al. [54]. © 2011 American
Institute of Physics.)

For p = 300 and 600 nm, the absorption resonances strongly occur along the cliff
hill and the cliff edge clearly becomes shifted to the low energy (e.g., Ecg ~ 1.5V
for p = 600nm), leading to absorption enhancement. For p = 900 nm, however,
the overall absorption is evidently smaller than that for p = 600 nm. Very interest-
ingly, the p-dependent reflectance behaves just like the absorptance, i.e., it increases
as p = 100 — 600nm and decreases as p = 600 — 900nm. This implies that
the incident light becomes more effectively trapped into coaxial NW arrays through
LMRs as p = 100 — 600nm so that it is less transmitted. Also, the absorption
drop for p = 600 — 900nm has to result from transmission increase, since the
overall reflection for p = 900nm is slightly smaller than that for p = 600nm.
This implies that such subwavelength light-trapping effect diminishes as the pitch
becomes larger (p = 600 — 900nm), in good agreement with [38]. The opti-
mal pitch of coaxial NW arrays for photovoltaic applications is clearly seen to be
~600nm from Fig. 3.12b, which shows the p-dependent Jsc in coaxial NW arrays.
At this optimal pitch p = 600nm, Jsc in coaxial NW arrays reaches the maximum
of 18.9mA/cm?, whereas Jsc is 16.6mA/cm? (8.5 mA/cm?) in c-SiNW arrays (c-Si
thin film of 1.0 wm thick). Thus, the PEF of the coaxial NW arrays is about 0.14
(3.45) with respect to the c-SiNW arrays (c-Si thin film).

To examine the effect of the NW length L of coaxial NW arrays on the light
absorption or the photocurrent density, Jsc is plotted versus L in Fig.3.13a at the
optimal filling ratio (f = 0.5) and pitch (p = 600nm). The L-dependent Jsc in
coaxial NW arrays sharply increases as L varies from 0.1 to 5.0 um and shows a
gradually growing behavior for a further increase of L. To also examine the effect of
the incident angle 6 of light on the light absorption, Jsc in the 1.0pm-length coaxial
NW arrays is plotted versus 6 at the optimal configuration (f = 0.5 and p = 600 nm)
for the TE and TM polarizations in Fig. 3.13b, together with for the unpolarized light
that is simply an average value of those for TE and TM. It is evident from the figure
that the photocurrent density is maintained at a high constant (~20mA/cm?) over a
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Fig. 3.14 The three-dimensional schematic view of (a) the conventional pyramid-array-textured
c-Si solar cells and (b) the Si NW-array-textured solar cells, in which L represents the length of
the NWs, d is the diameter of the single NW, and X ; is the junction depth of the p-n junction after
phosphorus diffusion. (Reprinted with permission from Chen et al. [30]. © 2010 American Institute
of Physics.)

large range of the incident angle of light (& = 0—70°), indicating an omnidirectional
light absorption in coaxial NW arrays. Note that the absorption difference between
the cases of the incident light in and out-of the x-z plane is known to be negligible [19].

Coaxial NW arrays may be practically used as a light absorbing layer in wafer-
scale PV cells. There has been a recent work, fabricating c-Si NW-textured PV
cells [30]. There, c-Si NW arrays replaced conventional pyramid-textured layers,
as shown in Fig.3.14. Such NW-array-textured wafer-scale (125x125mm?) PV
cells (Fig.3.14b) had a 16.5% power conversion efficiency, which was 35.4 %
enhancement as compared to the pyramid-textured control PV cells (Fig. 3.14a). That
enhancement turned out to come from significant absorption enhancement of c-Si
NW arrays. Nonetheless, more efforts need to be made to develop high-performance
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PV cells based on NW arrays. The light absorption properties of coaxial NW
arrays discussed in this section could help in designing high-performance NW-based
PV cells.

3.5 Summary and Conclusions

The light-trapping scheme has been investigated in coaxial NWs of c-Si cores and
a-Si shells for both cases of single coaxial NWs and coaxial NW arrays. Based on
numerical calculations, it has been shown that the incident light can be effectively
trapped in the coaxial NWs through the excitation of LMRs as in other NWs and the
a-Si shells play a primary role in enhancing the light absorption in the coaxial NWs
as compared to in the c-Si NWs of same geometric dimensions. It has been further
shown that the light absorption in the coaxial NWs can be optimized by tuning the
dimensions of the coaxial NWs. For the single coaxial NWs, the light absorption
is optimized when the thickness of the a-Si shell is about as twice as the radius
of the Si core, at which the ultimate photocurrent can be enhanced up to 560 % in
comparison with that in the single c-Si NWs. As for the coaxial NW arrays, on the
other hand, the optimal absorption occurs when the coaxial NWs are about half-filled
and the pitch is about 600 nm, at which it can be increased up to 14 % with the 1 pm
long NWs considered, as compared to that in the c-Si NW arrays. The effective
light-trapping scheme in the coaxial NWs together with the absorption optimization
results can provide opportunities for designing not only functional power sources of
nanoelectronic devices but also next generation PV cells.
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