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Key Advantages and Challenges

Advantages:

• Ideal Bandgap ( 2.1 eV); good absorption in the visible range (250-600

nm)

• The theoretical maximum (1-sun) photocurrent density is 12.6 mA/cm2

(solar to hydrogen conversion efficiency (STH) of 15.5%)[1-7]

• Valence Band ideal to catalyze oxygen evolution reaction

• Stable in aqueous medium, inexpensive and abundant

Challenges:

• Recombination due to short minority carrier diffusion length 20 nm i.e.

poor Internal Quantum Efficiency (IQE)[7-9]

• Large requisite overpotential to drive hydrogen evolution reaction

• Poor reaction kinetics and high surface recombination
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Plausible Solutions

• Nanostructures to improve absorption, reaction surface area and charge

collection[2,3]; eg. Optical resonances in Nanowires[11-13]

• Best STH obtained by solving the surface reaction kinetics and

absorption using co-catalysts, doping and nanowires is 5.3%[10].

• Plasmonic nanostructures, opal scaffolds and resonant light traps for

concentrating light, enhance absorption and provide hot electrons[14-25]

• Best STH obtained by solving the surface reaction kinetics, absorption

and overpotential using Au nanoparticles, Si-Hematite core-shell (CS)

nanowires is 6%[18]

• Overpotential: Dual absorber systems eg. Si-Hematite [18, 31-33]
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Motivation

Figure: Si − Al − Fe2O3

Core-Multishell Nanowire

Photoelectrodes: Schematic

and Band-structure

• Alternative to plasmonic nanoparticles for

enhanced absorption: metal-semiconductor

core-shell nanowires and nanocones[26-28]

• Advantage: uniform field enhancement; size

controllability

• Scalable Plasmonics?

• Al an alternative to precious metals: tunable LSPR

in the UV-vis; strongly enhances fields; inexpensive

and abundant; CMOS compatible

Our approach: semiconductor-metal-metal oxide core-multishell (CMS)

nanowires can combine 1) optical resonances in nanowires, 2) LSPR in

metal shell and 3) dual absorption into one integrated plasmonic structure
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Solution to Maxwell’s Equations

The rigerous solutions to Maxwell’s Equations are obtained following the

Mie-formalism[34-37].

Assumptions: 1) Nanowires are infinitely long (length > 10 × diameter) and

homogenous (optical constants obtained from ref. [7,38]), and 2) plane wave

illumination (e−iωt)

x

z

k

E

α

Case I

k

H

α

Case II

H E

y

ε1, μ1

ε2, μ2

ε3, μ3

ε0, μ0

a
b

c

Figure: CMS nanowire under

unpolarized oblique incidence.

The Maxwell’s Equations (in SI units) are:

∇× ~E = iωµ~H (1a)

∇× ~H = −iωǫ~E (1b)

∇ · (ǫ~E) = 0 (1c)

∇ · (µ~H) = 0 (1d)

To solve the scattering problem, we consider two polarizations of the

incident light.
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Solution to Maxwell’s Equations

Assuming the nanowire is along the~z axis, the scalar plane wave incidence

is given as:

ψ = Eoe
−i(fr+hz)

= Eoe
−ihz

∑

n

i
−n

Jn(fr)e
inφ

=
∑

n

Jn(fr)Fn (2)

Here, h = k0 sinα and Fn = Eoi−ne−ihzeinφ.

Let Vn = Anψ and Un = Bnψ be the solutions to the scalar wave equation

(∇2ψ + k2ψ = 0). Now the fields can be expressed in terms of Vn and Un as:

Er =
∑

n

{ in
r

Vn + ih
k

∂Un
∂r

} (3a)

Eφ =
∑

n

{− ∂Vn
∂r

− nh
kr

Un} (3b)

Ez =
∑

n

{ f 2

k
Un} (3c)

Hr = k
iµω

∑

n

{ ih
k

∂Vn
∂r

+ in
r

Un} (3d)

Hφ = k
iµω

∑

n

{− nh
kr

Vn − ∂Un
∂r

} (3e)

Hz = k
iµω

∑

n

{ f 2

k
Vn} (3f)

At each interface we apply the

boundary conditions for the

continuity of Eφ, Ez, Hφ and Hz.

The system of linear equations are

solved to obtain the coefficients

and the fields.
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The meaning of ’n’

• Assume incidence perpendicular to nanowire axis. Case I - TM; Case II

- TE

• For TM, n=0,2,4... corresponds to the electric dipolar, quadrapolar,

multipolar terms; n=1,3,5... correspond to the magnetic dipolar,

quadrapolar, multipolar terms.

• Similarly for TE, n=even is magnetic terms and n=odd is the electric

terms.

• Optical resonances - strong dipolar terms.

• Double resonance (meta-atoms) - spectral overlap of n=0 and n=1

components

8 / 20



Contents Hematite Photoanodes Derivation and Definitions Results Conclusions References

Absorption Efficiency

The total absorption and the scattering efficiencies for the CMS nanowire

can be obtained from the coefficients as follows:

Q
(I)
sca =

2

k0c
{

+∞∑

n=−∞

(|a
(I)
n |

2
+ |b

(I)
n |

2
)}

Q
(I)
ext =

2

k0c
{

+∞∑

n=−∞

Re(b
(I)
n )}

Q
(I)
abs

= Q
(I)
ext − Q

(I)
sca

Q
(II)
sca =

2

k0c
{

+∞∑

n=−∞

(|a
(II)
n |

2
+ |b

(II)
n |

2
)}

Q
(I)
ext =

2

k0c
{

+∞∑

n=−∞

Re(a
(II)
n )}

Q
(II)
abs

= Q
(II)
ext − Q

(II)
sca

(4)

The scattering and absorption efficiencies for unpolarized light is obtained

by:

Qabs = 1
2
{Q

(I)
abs

+ Q
(II)
abs

}

Qsca = 1
2
{Q

(I)
sca + Q

(II)
sca }

(5)
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Integrated Photon Flux Absorbed

The absorption efficiency within individual layers (ηi) is the ratio of the

power absorbed over the power incident per unit length of the wire. The

absorption efficiency is given as:

η
(I)
i =

k0

2cE2
0

∫ ∫
Im{ǫ(r)}|(E

(I)
r )2 + (E

(I)
φ

)2 + (E
(I)
z )2|r dr dφ

η
(II)
i =

k0

2cE2
0

∫ ∫
Im{ǫ(r)}|(E

(II)
r )2 + (E

(II)
φ

)2 + (E
(II)
z )2|r dr dφ

ηi =
1
2
{η

(I)
i + η

(II)
i }

(6)

In order to obtain absorption in eahc layer, the integration limits in (6) are set

accordingly.

The integrated photon flux absorbed (Φabs,i) within each layer is obtained as

follows:

Φabs,i =

λ2=590nm∫

λ1=300nm

λ

hPlanckclight

IAM1.5G(λ)ηi dλ (7)
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Spatial Distribution of the Photon Flux Absorbed

χabs,i(r, φ) =

λ2=590nm∫

λ1=300nm

λ

hPlanckclight

IAM1.5G(λ)
k0

2cE2
0

Im{ǫ(r)}

2

{|(E(I)
r )2 + (E

(I)
φ )2 + (E(I)

z )2|

+ |(E(II)
r )2 + (E

(II)
φ )2 + (E(II)

z )2|} dλ

(8)

Note, the total photon flux absorbed is just the area integral of the spatial

distribution. The units of χabs,i(r, φ) is photons cm−2 s−1.
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Integrated Photon Flux Absorbed

Figure: Integrated absorbed photon flux(Φabs,i) and ideal photocurrent density (J = qΦabs,i) under within
the hematite shell for various NW structures 1-sun illumination incident normal to the NW axis. The grey
dashes indicate the theoretical maximum absorption in bulk hematite.
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Integrated Photon Flux Absorbed (Supporting Information)
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Figure: a) Integrated photon flux absorbed and the corresponding ideal photocurrent density versus the
hematite shell thickness for core-shell and core-multishell nanowires.Ideal photocurrent density contours
plotted for b) Si − Fe2O3, c) Ag − Fe2O3, d) Si(40nmdia.) − Ag − Fe2O3 and e) Si − Ag − Fe2O3(30nm)
nanowires.
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Absorption Efficiency of ’Ideal’ Structures
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Figure: The absorption efficiency under TE, TM and unpolarized illumination as a function of wavelength

plotted for individual core and shell layers of (a) Fe2O3(100 nm dia.), (b) Al(140 nm dia.) − Fe2O3(40 nm)
CS, (c) Si(40 nm dia.) − Al(50 nm) − Fe2O3(40 nm) CMS, (d) Si(60 nm dia.) − Fe2O3(30 nm) CS, (e)
Ag(80 nm dia.) − Fe2O3(30 nm) CS and (f) Si(40 nm dia.) − Ag(50 nm) − Fe2O3(30 nm) CMS NW.
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Effectiveness of the Dual Absorber System
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Figure: The integrated photon flux absorbed within the Si core
(green dots), Al intermediate shell (black dashes) and Fe2O3 outer shell
(red line) of a Si − Al − Fe2O3 CMS NW. The total nanowire radius is
fixed at 110 nm, the Fe2O3 thickness is fixed at 40 nm and the Al
thickness is varied (i.e. Si radius = 70 nm − Al thickness).

• Critical thickness of the Al

shell is about 25 nm

• Si core does not show

appreciable absorption

• Si wafer in large area devices

would absorb substantially

• Wafer absorption can be tuned

by adjusting inter-nanowire

distances

• Si nanowires act as scaffolds

for the subsequent shell layers
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Spatial Distributiong of The Absorbed Photon Flux
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Effect of Incident Angle and Polarization
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Figure: The ideal photocurrent density (blue) and the ratio of the photocurrent density under TM and TE
illumination (green) as a function of the incident angle within the hematite shell of a
Si(40 nm dia.) − Al(50 nm) − Fe2O3(40 nm) CMS NW. Inset: Schematic of CMS nanowire under oblique
incidence.
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Conclusions

• Si − Al − Fe2O3 CMS NWs exhibit strong absorption enhancement in

sub-50 nm hematite shells

• Charges are typically generated very close to the electrolyte interface

and hence are expected to exhibit minimal recombination thereby

improving the Internal Quantum Efficiency

• Al is an excellent alternative plasmonic material to precious metals in

such CMS structures

• Although the NW geometry is highly anisotropic, the CMS NWs have

been shown to be highly isotropic

• Under ideal conditions, a high photocurrent density is predicted for

incidence angles as large as 45◦

• Si NWs as a scaffolds and Al thin films as shells offers greater control

over the material quality and thickness, as compared to plasmonic

nanoparticles based designs

• The Si wafer in large scale devices is expected to effectively contribute

towards ’dual absorption’ and hence reduce the overpotential

• Al based CMS architecture is very general and hence is expected to

provide similar absorption enhancement in other photocatalyst

materials beyond hematite
18 / 20
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