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ABSTRACT: A fundamental limitation of transparent conducting electrode design is
thought to be the trade-off between photonic and electronic performances. The photonic
transmission property of a transparent conducting electrode, however, is not intrinsic but
depends critically on the electromagnetic environment where the electrode is located. We
develop the concept of optical impedance transformation, and use this concept to design
nanophotonic structures that provide broadband and omnidirectional reduction of optical
loss in an ultrathin transparent conducting electrode, without compromising its electrical
performance.
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Transparent conducting electrodes are important compo-
nents in a variety of optoelectronic devices such as solar

cells,1 light-emitting diodes,2 touch screens,3 and smart
windows.4 A fundamental limitation of transparent conducting
electrode design is thought to be the trade-off between
photonic and electrical performances:5−9 To achieve high
optical transmission, one typically would reduce the material
optical loss by, for example, reducing the carrier density, which
then leads to lower electrical conductivity. We note, however,
that the transmission property of a transparent conducting
electrode is not intrinsic, but rather depends critically on the
electromagnetic environment where the electrode is located. In
this Letter, we develop the concept of optical impedance
transformation and use this concept to design nanophotonic
structures that provide broadband and omnidirectional
reduction of optical loss in an ultrathin transparent conducting
electrode, without compromising its electrical performance.
To illustrate the role of optical impedance in transparent

electrode design we consider a transparent conducting
electrode with thickness much smaller than the wavelength of
interest,10,11 which is embedded in a surrounding lossless
electromagnetic environment characterized by electrical
permittivity ε and magnetic permeability μ. As a starting
point, we assume normally incident light. In the optical
frequency range, the transparent conducting electrode itself is
characterized by an optical conductivity σ. The time-averaged
power loss per unit area of the electrode is then
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where d is the thickness of the electrode and E is the complex
amplitude of the electric field at the position of the transparent
conducting electrode. As the lowest order approximation, if the
reflection at the electrode region can be ignored, which is true,
for example, for an ultrathin transparent conducting electrode

made of graphene, the optical electric field E seen by the
electrode can then be related to the optical power flux density S
passing through the electrode by
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where
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is the impedance of the surrounding environment. Combining
eqs 1 to 3, the power loss in the transparent electrode is related
to the incident flux density by

σ=p dSZ (4)

Therefore, for the same incident flux density S, reducing the
impedance Z of the surrounding medium results in the
reduction of the optical electric field that the transparent
conducting electrode sees and hence the reduction of its optical
loss.
It is therefore beneficial to surround the electrode with a

high-index dielectric material, which has a low optical
impedance. However, in typical optoelectronic devices using
transparent electrodes light is incident from air. A flat interface
between the high-index dielectric material and air would result
in substantial reflection. Therefore, we consider the structure
shown in Figure 1, where a nanopyramid array is placed at the
interface between the high-index dielectric region and air as an
antireflection strategy. The use of nanopyramids for antire-
flection is certainly well-known.12−14 We emphasize in the
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present case, however, that the combination of the nano-
pyramid and the high-index dielectric medium surrounding the
transparent electrode accomplishes an optical impedance
transformation, through which one can reduce the optical
loss of the transparent conducting electrode without sacrificing
its electrical performance. Below we will refer to the structure in
Figure 1, including both the nanopyramids above the electrode
as the superstrate and the uniform media below the electrode as
the substrate, as an optical impedance transformer.
In the following, we choose graphene as the transparent

conducting electrode layer to demonstrate the optical
impedance transformation concept. Graphene possesses many
desirable mechanical, thermal, and chemical properties in
addition to its high transparency and good conductivity.15−19 A
graphene monolayer absorbs πα ≈ 2.3% of the incoming light
in the visible range, where α is the fine structure constant, and
N layers of graphene absorb Nπα of the incoming light.20,21

These values, however, are only valid for bare graphene sheets
suspended in air or vacuum.
We consider the transmission and absorption properties of

the structure shown in Figure 1 with graphene embedded in it.
We assume that the material of the surrounding media, that is,
the substrate and the superstrate, has a real refractive index of n
= (ε/ε0)

1/2. Analytically, one expects that the absorption
coefficient in each graphene layer is πα/n because the optical
electric field intensity is reduced by a factor of n with the same
optical flux density, according to eq 4. Similarly, a structure
consisting of N-layer graphene electrode embedded in the
optical impedance transformer has the following absorption and
transmission coefficients

πα=A
N
n (5)

πα= −T
N
n

1
(6)

because we assume that the reflection is eliminated by the
nanopyramids.
We compare the analytic results above, that is, eqs 5 and 6,

against first-principles full-field electromagnetic simulations.
The simulations use the optical constants of graphene layers in
the visible and near-infrared ranges22 and are based on the

rigorous coupled-wave analysis.23 In Figure 1, the thickness of
the 4-layer graphene is 1.36 nm.3,22 We first assume that the
refractive index n = 4 for the surrounding medium, and that the
substrate is semi-infinite due to its much greater thickness
compared to the graphene electrode. A square lattice of
pyramids made of the same dielectric material as the substrate
is introduced onto the 4-layer graphene with the lattice
constant being 120 nm and equal to the base length l, and the
height h = 1200 nm. These l and h values are chosen purely
based on intuitive arguments in ref 14. In general, to achieve
effective antireflection the periodicity l needs to be in the
subwavelength scale and the height h of the pyramids needs to
be sufficiently large to provide an adiabatic impedance variation
in the vertical direction. In addition, the periodicity l needs to
be subwavelength to avoid exciting resonant modes for light
trapping.
In Figure 2, the red curves show the absorption and

transmission spectra of the structure of Figure 1 for light

normally incident upon the structure. We see that both the
absorption A and transmission T the of the structure are nearly
independent of wavelength. Also, the reflection (as determined
by 1 − A − T) is nearly zero. Both the flatness of the spectra
and the lack of reflection indicate the effectiveness of
antireflection provided by the nanopyramids. The absorption
and transmission coefficients agree very well with eqs 5 and 6.
Thus, these simple formulas in fact are quite sufficient to
capture the optical properties of the relatively complicated
structure of Figure 1.

Figure 1. Graphene electrode with N graphene layers sandwiched
between a flat substrate, which is assumed to be semi-infinite, and a
nanostructured superstrate, which is a square lattice of nanopyramids. l
is the base length and h is the height of a nanopyramid, and the lattice
constant is equal to l. The material in blue represents graphene, and
the material in yellow represents the surrounding lossless dielectric
medium with a real refractive index of n.

Figure 2. Comparison of (a) absorption and (b) transmission spectra
at normal incidence for different structures shown at the top of the
figure. The blue region represents a graphene electrode with N = 4
layers, and the yellow region represents the lossless substrates and
superstrate with a refractive index of n = 4. The structures are placed in
air except that the substrates are assumed to be semi-infinite. For the
nanostructured superstrate, l = 120 nm and h = 1200 nm, where l and
h are defined in Figure 1. The blue curves correspond to the bare
graphene layers, the green curves correspond to the graphene layers on
the substrate, and the red curves correspond to the structure with
optical impedance transformation. The red left arrows to the right of
the plots are theoretical predications by eqs 5 and 6
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The structure in Figure 1 provides significantly enhanced
transmission at T = 97.4% averaged over the entire visible
wavelength range from 380 to 750 nm, as compared to the
same graphene layers in air with an average T = 91% (blue
curve in Figure 2b). The structure also provides significant
suppression of absorption at A = 2.3%, as compared with the
same graphene layers in air with A = 8.5%. The impedance
transformation concept, as embodied in the structure of Figure
1, allows us to reduce the absorption of an ultrathin transparent
conducting electrode without affecting its dielectric or
conductive properties. Therefore, we have shown that the
concept of optical impedance transformation allows us to
bypass the typical trade-off in terms of optical transparency and
electrical conductance.
We also compare the structure of Figure 1 with a more

typical configuration where the graphene transparent electrode
is placed on top of a high index substrate,1,15,24 without the
nanopyramids as a superstrate. The absorption and trans-
mission spectra are plotted as green curves in Figure 2.
Absorption in graphene is suppressed in this case but at the
expense of high reflection. The absorption suppression here is
due to the reflected wave being out of phase with the incident
wave at the surface of the substrate, causing a local suppression
of the electric field. Therefore, although the absorption
coefficient in each graphene layer is πα[2/(1 + n)2],25 which
is less than πα/n, the transmission through the graphene
electrode on a substrate is significantly lower than that of either
the bare graphene structure or the optical impedance
transformer structure.
We now consider the angular response. An ideal optical

impedance transformer should be able to reduce the impedance
of the electromagnetic wave incident upon the electrode
without any reflection for any angle of incidence. With an ideal
optical impedance transformer, the transmission through the
structure including the transparent conducting electrode layer is

πα
φ

= −T
N
n

1
1

coss
(7)

for the s-polarization and
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for the p-polarization, where φ is related to the incident angle
θ by Snell’s law sin θ = n sin φ and ε̃ is the relative complex
dielectric constant of graphene. Equations 7 and 8 define the
red dashed curves in Figure 3.
For our structure in Figure 1, we simulate its off-normal

incidence for both s- and p-polarizations, when light with its
parallel wavevector along the [10] direction of the lattice is
incident upon the structure. We see that our structure behaves
very close to an ideal optical impedance transformer over a very
large angular range for both polarizations. For the s-
polarization, the structure in Figure 1 has a transmission
above 97% for an angle of incidence up to 60°. This structure
also has a higher transmission over all angles of incidence, as
compared to graphene layers either suspended in air, or put on
the top surface of a structure (Figure 3a). For the p-
polarization, the transmission of the structure in Figure 1 is
over 97% for an angle of incidence up to 40°. It also
outperforms both planar structures in transmission up to 40°

(Figure 3b). Further optimization of the nanostructures is likely
to slightly improve the performance.
In practice, the angular average of the optical properties is

important. For example, in nontracking solar cells, and also
because a significant portion of the sunlight is diffusive, the
relevant quantity is the angular average of the transmission
according to the formula T̅ = ∫ dθ T(θ) cos θ. The angular,
spectral, and polarization averaged transmission of the 4-layer
graphene in air is 90%, and this averaged transmission is
improved to 96.4% with the optical impedance transformer.
The concept of optical impedance transformation applies

well to other numerical values of the refractive indices of the
materials, as well as to other thicknesses of the ultrathin film. In
Figure 4, we plot the simulated transmission coefficients at
normal incidence at 500 nm for a wide range of structures like
Figure 1. For each N and n, we have chosen a locally optimal
set of values of l and h. The simulation results agree with the
theoretical predictions given by eq 6. In the visible wavelength
range, with Ta2O5 (n = 2.1) as the surrounding medium, for
example, one could reduce the optical loss of a graphene
electrode by 50%. For thin transparent conducting electrode
with thickness beyond approximately 3 nm, the optimized
structure outperforms the predicted transmission (Figure 4b).
The structure in Figure 1 is in fact useful for any transparent
conducting electrode with subwavelength thickness. The
effectiveness of our strategy to suppress absorption and to
enhance transmission in any subwavelength transparent
conducting electrode can be derived analytically with boundary
condition matching.
Finally, we remark that the concept of impedance trans-

formation as a mechanism for loss reduction is certainly well-
known at lower frequencies. For electric power transmission,
for a given power that needs to be transmitted one routinely
uses transformers to increase the voltage and reduce the current
in order to reduce the power dissipation in the transmission

Figure 3. Comparison of spectrally averaged transmission coefficients
of the (a) s- and (b) p-polarization for the same structures in Figure 2.
The blue curves correspond to the bare graphene layers, the green
curves correspond to the graphene layers on the substrate, and the red
curves correspond to the structure with optical impedance trans-
formation. The dashed red curves correspond to ideal optical
impedance transformers as defined by eqs 7 and 8
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lines. In the optical regime, previous works have also used the
concept of impedance to describe plasmonic circuits26,27 and
the concept of impedance transformation to achieve deep-
subwavelength optical confinements.28 Our work is analogous
to the electric transformer concepts at lower frequencies. The
original contribution here is the realization that the concept of
optical impedance transformation can be used to reduce the
loss of a transparent conducting electrode without influencing
its electrical properties, and the two key ingredients are
impedance matching for improved transmission and local
electric field modification for suppressed absorption. As we
have shown in the paper, this concept results in a robust,
broadband and omnidirectional reduction of the optical loss in
a transparent electrode and therefore can be used to bypass the
electric-optical trade-off that has been commonly considered as
a fundamental constraint in transparent electrode design.
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Figure 4. Transmission coefficients of normally incident light with a
wavelength of 500 nm on the optical impedance transformer structure.
The continuous curves are theoretical predictions by eq 6. Each
discrete data point corresponds to a simulated structure in Figure 1
with optimal l and h. (a) Transmission coefficients with different
refractive indices n of surrounding medium and N = 4. (b)
Transmission coefficients with different numbers N of graphene layers
and n = 4.

Nano Letters Letter

dx.doi.org/10.1021/nl500741f | Nano Lett. 2014, 14, 2755−27582758

mailto:shanhui@stanford.edu

