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Abstract: The optical and electrical performance of light trapping metallic electrodes is
investigated. Reflection losses from metallic contacts are shown to be dramatically reduced
compared to standard metallic contacts by leveraging total internal reflection at the surface of an
added dielectric cover layer. Triangular wire arrays are shown to exhibit increased performance
with increasing size, whereas cylindrical wires continue to exhibit diffractive losses as their size
is increased. These trends are successfully correlated with radiation patterns from individual
metallic wires. Triangular metallic electrodes with a metal areal coverage of 25% are shown to
enable a polarization-averaged transmittance of >90% across the wavelength range 0.46-1.1 pm
for an electrode width of 2 um, with a peak transmission of 97%, a degree of polarization of
<0.2%, and a sheet resistance of 0.35 €/sq. A new figure of merit is introduced to evaluate the
light trapping potential of surface-shaped electrodes.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Transparent electrodes are widely used in optoelectronic devices, such as solar cells, high speed
photodetectors, imaging arrays and displays [1-12]. In scientific and industrial applications,
a transmittance above 90% and sheet resistance below 100 /sq are often required [13,14].
Achieving these performance numbers is hindered by the intrinsic trade-off between optical and
electrical performance, with conductors causing absorption and reflection losses. Conductive
thin film transparent electrodes have the benefit of a short carrier collection path at the cost of
providing relatively low conductivity and introducing optical absorption losses [15,16]. Sparse
transparent metallic wire electrodes can provide high conductivity but suffer from shadowing
losses, polarization dependence, as well as a relatively long carrier collection path depending on
wire spacing [17-22]. To address these challenges, a variety of structures have been investigated,
such as encapsulated metal gratings [20,23-25], metallic contacts with high aspect ratio [26-28],
periodic structures with plasmon-enhanced transmission [11,29-33] and patterned electrodes
with textured surfaces [34—41].

A different approach to achieve metallic light-trapping electrodes has been proposed [34].
In this design, metallic wires with an inclined surface are covered by a thin dielectric layer.
Light incident on the wires is reflected toward angles greater than the critical angle of the cover
layer, resulting in light trapping and recovery of the reflected light. The resulting near-complete
elimination of shadowing losses by such light trapping structures suggests that it may be possible
to design electrodes that combine the advantages of thin-film transparent electrodes (short
carrier collection path, low reflection losses) and metallic wire electrodes (high conductivity,
low absorption losses), provided that the light trapping approach remains efficient at small wire
spacing. To investigate this possibility, here the size dependent performance of light-trapping
metallic electrodes is studied.
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2. Size-dependent directional reflection by metallic nanowire electrodes

In the following, two types of light-trapping electrodes are considered: triangular and cylindrical
wire interdigitated electrodes. Figure 1(a) shows a conventional metallic electrode design. Light
incident on the planar metallic wires is reflected, causing shadowing losses proportional to the
metal areal coverage f. Figure 1(b) shows a light-trapping triangular metal wire electrode. In
this case a large fraction of light incident on the metal wires is reflected to angles greater than
the critical angle and transmitted into the substrate after total internal reflection, dramatically
reducing shadowing losses. Embedded cylindrical electrodes as shown in Fig. 1(c) also reflect a
substantial portion of the incident light toward large angles and are thus expected to offer similar
light trapping benefits.

(a) (b)

Fig. 1. Schematics of (a) a conventional planar metallic wire electrode, (b) a triangular
light-trapping metal wire electrode and (c) a light-trapping cylindrical metal wire electrode.

In order to evaluate the size-dependent light trapping potential of the two different electrode
geometries, we first perform numerical simulations of isolated triangular and cylindrical metallic
wires embedded in a homogeneous dielectric environment. The structures are illuminated at
normal incidence using a wavelength of 750 nm. Silver is used as the metal because of its
relatively low optical-frequency losses and good electrical conductivity [42]. The refractive index
of the surrounding medium was chosen to be n = 2, representative of the types of semiconductors
used in solar-blind detectors [43], an application where reflection by metallic contacts introduces
particularly significant optical losses. Note that similar light trapping could be achieved with the
commonly employed glass-covered ethyl vinyl acetate (EVA) encapsulation material in silicon
photovoltaic devices. Full-field electromagnetic simulations were carried out using the frequency
domain finite element solver as implemented in CST Studio [44].

Figure 2(a) shows the simulated angular irradiance distribution of light reflected by isolated
triangular silver wires with a fixed surface angle of 20° for four different widths: 200 nm, 600 nm,
1.2 um and 2 pm. Results are shown for both TE polarization (top panel, electric field along the
metal wire axis) and TM polarization (bottom panel, electric field normal to the wire axis). The
results have been scaled by the total power incident on the metal wire to facilitate comparison
between wires with different width.

Several key trends are observed. For small wire sizes, the angular distribution of the reflected
light is relatively isotropic, resembling the omnidirectional radiation pattern of a line dipole. As
the wire dimensions increase, the reflection becomes more directional, with reflection occurring
predominantly toward angles close to 40° corresponding to the angle of specular reflection by the
tilted electrode top surface. The observed angular narrowing indicates an increased light trapping
potential. For example, at the chosen index of n =2 any light reflected at angles larger than 30°
can be trapped using total internal reflection at a planar top surface, whereas the fraction of light
reflected toward smaller angles [the gray shaded region in Fig. 2(a)] would largely leak out of the
structure. The angular distributions in Fig. 2(a) thus predict that the light trapping performance
of triangular electrodes will gradually improve as the wire width approaches 1 um, at which point
shadowing losses may be largely mitigated. Note that off-normal illumination would modify
the angular distributions, which in turn will affect the light trapping performance. A detailed
study of such effects is currently underway. Figure 2(b) shows the corresponding results for
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Fig. 2. Angle dependent reflected irradiance of (a) triangular and (b) cylindrical silver
wires under TE (top panels) and TM (lower panels) illumination at Aj=750 nm for different
widths w. The dashed lines in (b) represent the angular distributions for macroscopic silver
cylinders.

cylindrical silver wires. In contrast with the case for triangular wires, for TE illumination the
angular distribution of the reflected light remains nearly isotropic for all electrode widths. For
TM polarization, markedly different distributions are observed, with periodic angular patterns for
all wire sizes, displaying more maxima as the wire diameter increases. These maxima result
from the excitation of multipolar surface plasmon polariton (SPP) modes on the cylindrical wires,
resulting in multipolar scattering patterns [45]. Note that for all cylindrical wire diameters, a
significant fraction of the light is reflected toward small angle, suggesting that cylindrical wires
are less suitable for optical trapping than triangular wires. At macroscopic scales, the angular
distribution of reflected light under TE and TM illumination converges to a broad range of angles
due to the curved nature of the reflecting surface, represented by the dashed lines in Fig. 2(b).

3. Size dependent light-trapping by metal nanowire arrays

To evaluate the performance of interdigitated light-trapping electrodes, periodic wire arrays were
simulated. A large metal areal coverage of f=0.25 was chosen for all structures, and the substrate
and cover layer refractive index are assumed to be n=2. A 133 nm thick anti-reflective coating
with an index n=1.41 is present on the cover layer, which minimizes surface reflection for the
chosen reference wavelength of 750 nm.

Figure 3(a) shows the simulated transmitted (T), reflected (R), and absorbed (A) power fraction
of a triangular wire interdigitated light trapping electrode as a function of wire width, averaged
over TE and TM polarization. For all electrode widths the transmitted fraction significantly
exceeds the 75% ray optics transmission limit (horizontal black dashed line) of traditional flat
electrode arrays at the simulated 25% metal coverage. Absorption loss by the metallic wires
accounts for <1.5 percent of the incident power for all electrode sizes studied.

The corresponding degree of polarization (DOP) of the transmitted light, defined here
as (Treg — Try) /(Trg + Tpy) with Trg and Ty the transmitted TE and TM power fractions
respectively, is shown in the lower panel. All structures exhibit a DOP magnitude below 10%,
with the DOP decreasing as the electrode width increases. The corresponding effective sheet
resistance for all widths is shown on the top axis. For large triangular electrodes (width w =2
um), high optical transmittance (>97%) and extremely low sheet resistance (<0.35 Q/sq.) are
achieved simultaneously. In the limit of larger (1>>M) electrodes, the optical performance will
be affected solely by the reflection loss on the metal surfaces. Using the same literature values
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Fig. 3. Size-dependent absorption, reflection, transmission, light-trapping efficiency nr,
and sheet resistance of (a) triangular and (b) cylindrical wire arrays at 25% areal metal
coverage under normal-incidence unpolarized illumination at 750 nm light (top panels) and
the corresponding degree of polarization of the transmitted light (lower panels). The white
dashed line represents the predicted transmission based on single-wire radiation patterns.

for the Ag dielectric response, we arrive at a transmission of T =99.88% for unpolarized incident
light at 29 = 750 nm.

To quantify the light-trapping performance of the interdigitated electrode designs, we define
the light trapping efficiency nr as the transmitted power fraction in excess of the flat electrode
transmission limit, divided by the power fraction directly incident on the metal electrode lines,
leading to the expression nyr=1-(1-T)/f. This quantity is shown on the right axes in Fig. 3, where
the top of the transmission curve represents the quantity nrr. The light trapping efficiency is
seen to increase gradually from 35% to 80% as the electrode width increases from 200 nm to
2 um. The overall trend in the transmission and light trapping efficiency can be understood by
considering the angular distributions from Fig. 2(a). For small electrode widths, a large fraction
of the reflected light appears at angles smaller than the critical angle, resulting in incomplete
light trapping. As the electrode width increases, the reflection becomes more directional and
appears predominantly at angles beyond the critical angle (30°), resulting in increased light
trapping. To verify this assertion quantitatively, the white dashed line in Fig. 3(a) shows the
predicted size-dependent transmission based on the isolated-wire angular distributions in Fig. 2,
neglecting multiple internal reflections. The resulting curve follows the overall transmission
trend remarkably well, suggesting that at this moderate metal coverage (25%) effects related to
multiple reflections do not dominate the optical performance.

Figure 3(b) shows the corresponding results for cylindrical wire interdigitated light trapping
electrodes. In contrast to the results in Fig. 3(a), cylindrical wires do not produce a gradual
increase in transmittance as the wire diameter is increased, and sharp transmission reductions are
observed for specific wire sizes. The lack of a rising trend in transmission is attributed to the
relatively isotropic reflection distributions shown in Fig. 2(b), causing an approximately constant
reflection loss for all sizes. This is supported by the relatively constant predicted transmission
(white dashed line) based on single-wire angular reflection distributions like those shown in
Fig. 2(b). The isolated wire predictions do not reproduce the observed sharp transmission minima,
suggesting that these are instead related to effects involving multiple adjacent wires, e.g. grating
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resonances. The fact that such effects are relatively prominent in the case of cylindrical wires is
also attributed to the more isotropic reflection patterns of cylindrical wires, which result in more
power being radiated in the direction of adjacent wires. Note that absorption losses exceed those
observed for triangular electrodes, attributed in large part to the grating-enhanced interaction of
light with the lossy metallic wires. The corresponding DOP values in Fig. 3(b) show clear peaks
and dips, indicating the polarization-dependent nature of the observed grating resonances.

To further clarify the origin of the features observed in Fig. 3, representative electromagnetic
field distributions for periodic wire arrays with different electrode widths are shown in Fig. 4.
Figure 4(a) shows the electric field magnitude distribution for a triangular wire array with the
largest simulated width of 2 um under TE illumination at 750 nm corresponding to Ttg=96.8%,
with red regions indicating large field magnitude. Fringes are observed due to the interference
of the incident wave with the reflected light from the electrode, both before and after internal
reflection at the cover layer surface. The narrow fringes parallel to the inclined electrode surface
result from upward reflection by the metal surface. The fringes above the dielectric cover
layer indicate a small degree of reflection loss. The wider fringes to the side of the metallic
electrode are indicative of interference of the directly transmitted incident wave and the downward
propagating recovered light that has interacted with the metallic wire. Figure 4(b) shows the
results for triangular wires with a four times smaller width of 500 nm, shown on the same size
scale, with Ttg=89.6%. The larger contrast in the fringes above the structure is the result of the
larger reflection losses caused by the less-directional reflection from the small wires. Figure 4(c)
shows a special case of TM-polarized light incident on a 370 nm wide triangular wire array,
corresponding to the deepest transmission dip in Fig. 3(a) with Tyy=74%. This electrode width is
close to the silver SPP wavelength at the chosen 750 nm free-space wavelength. The transmission
dip is attributed to the excitation of a standing SPP wave by the edges of the silver wire, resulting
in resonantly enhanced dissipation and radiation losses. The resulting enhanced shadowing is
clearly visible as the green-yellow region beneath the wires.

Fig. 4. Average electromagnetic field magnitude distribution of triangular wire arrays
with (a) w=2um and (b) w=500nm under TE illumination, (¢) w =370 nm under TM
illumination, and cylindrical wire arrays with (d) w = 680 nm under TM illumination, (e)
w =170 nm under TE illumination, and (f)-(h) w = 187.2 nm under TM illumination (Ex, E,,
and |E| contributions).

Figure 4(d) shows the field magnitude results for TM illumination of a cylindrical wire based
light trapping electrode with wire width w = 680 nm with TTp=88%. The curved standing waves
in the cover layer are indicative of a relatively isotropic reflection distribution that results in
incomplete light trapping. In addition, a relatively large field intensity is observed along the
metal wire circumference due to the excitation of a multipolar SPP mode. Figure 4(e) shows the
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results for a four times smaller diameter of w = 170 nm under TE illumination, coincidentally
corresponding to a large transmission of Ttg=97.2%. Note that at this size the electrode
spacing is less than the free-space wavelength, preventing any high angle reflection losses under
normal incidence illumination. Finally, a very sharp Tty dip is observed at w=187.2 nm.
To investigate the origin of this feature, panels in Figs. 4(f)—4(h) show the corresponding |E|,
|Ex| and |E,| distributions. Notably, the spatial period of this structure is just 0.3% below the
free-space wavelength, allowing for standing waves that are weakly confined near the surface
region. Inspection of the field distributions reveals a quadrupolar SPP mode on the cylindrical
wires, coupled to a standing wave along the surface, similar to the process leading to Wood’s
anomalies. Such sharp grating resonances are suppressed in triangular wire arrays due to the
more directional reflection from triangular wires.

4. Spectral performance

100

o]
o

rectangular electrode limit rectangular electrode limit

@
(=]

40

Power fraction (%)

N
(=]

04 05 06 07 08 09 10 11 04 05 06 07 08 09 10
Wavelength (um) Wavelength (um)

Fig. 5. Spectral dependence of the absorption, reflection, transmission, and light-trapping
efficiency np of (a) triangular and (b) cylindrical wire arrays at 25% areal metal coverage
under normal-incidence unpolarized illumination. The white dashed line represents the
transmission spectrum of the AR coating in the absence of metal wires.

The results shown thus far were achieved under fixed wavelength excitation. For optoelectronic
devices such as solar cells and photodetectors, the spectral response is of critical importance.
Figure 5 shows the spectral response of 2 um wide triangular electrodes and 0.68 um wide
cylindrical electrodes both at f=0.25 for normally incident unpolarized light in the range 0.4
— 1.1 um. The triangular wire array exhibits high transmittance (T > 86%) across the entire
spectrum, with T > 93% from 550-900 nm. At all wavelengths, the predominant contribution to
transmission loss is reflection, with absorption losses making up only a small fraction of the total
losses. A gradual spectral variation of the transmission is observed, which is attributed to the
presence of the AR coating, which was optimized for 750 nm light. This is confirmed by the
similar spectral shape of the transmission of the AR coating in the absence of metal wires (white
dashed line). Figure 5(b) shows the corresponding results for the cylindrical wire light-trapping
electrode. In this case, a large number of sharp transmission dips is seen, attributed to grating
effects. As argued above, the prevalence of grating resonances is due to the more isotropic
radiation patterns from cylindrical wires, which increases the possibility of multiple reflections
on adjacent wires. Note that similar grating effects were also observed in work on mesoscale
wire arrays investigated by Saive et al [27]. In addition to the grating-enhanced reflection losses,
increased absorption due to SPP resonances is also observed at small wavelengths. As aresult, the
overall light-trapping performance of triangular electrodes typically exceeds that of cylindrical
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electrodes, providing higher transmission, reduced polarization dependence, and lower spectral
variation.

5. Figure of merit

The light trapping designs discussed above call for a new Figure of Merit (FOM) in order
to compare different electrode geometries, as argued below. The performance of transparent
electrodes is commonly evaluated in terms of a figure of merit (FOM) expressed as the ratio
of the electrical sheet conductivity o to any introduced optical loss processes [19,46—49]. For
transparent conductive films where absorption is the main source of optical loss, the FOM
typically takes the form ¢ = o/a. In systems where shadowing contributes significantly to the
optical losses, a convenient form is {=0/(1-T) where the denominator now includes all optical
losses including those from shadowing, and where the sheet conductivity is an effective value
that takes into account the spatial distribution of the metal. However, since the effective sheet
conductivity of the light trapping systems discussed above can be increased almost arbitrarily
by placing more metal directly under the wires (“in the shadow’), we propose the following
light-trapping FOM to compare the performance potential of different wire shapes:

f
ar=1-7 (1)
This FOM captures the fact that transmission loss (factor 1-T in the denominator) is a disadvantage,
whereas large metal areal coverage (f) is an advantage, allowing tall conductive structures to be
placed on the substrate. Note that this FOM does not include statements about the exact total
electrode height, but only considers the opportunity of placing tall electrodes in a fraction f of
the surface. The appropriateness of this choice will be demonstrated below.
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Fig. 6. Light-trapping figure of merit Cpr of triangular (black curve) and cylindrical (blue
curve) wire arrays. The black dashed line represents a model prediction based on isolated
triangular wire angular reflection distributions.

Figure 6 shows the introduced light-trapping figure of merit of different electrode geometries
at an incident wavelength of 750 nm. The light-trapping FOM of cylindrical electrodes (blue
line) is seen to be relatively unchanged as the size is increased, because of the aforementioned
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broad angular distribution of the reflected light from cylindrical electrodes for all electrode sizes.
In contrast, the light-trapping FOM of triangular electrodes gradually improves for increasing
size due to the increase in directionality of the reflected light, enabling increasingly improved
transmission. For comparison, the dashed line represents the predicted light-trapping FOM
based on the radiation pattern of isolated triangular electrodes, taking into account analytical
expressions for the angle-dependent reflection at the top surface of the structure. This simplified
model reproduces the overall trend and absolute value of the Ty r. Finally, to demonstrate that the
chosen form of FOM fairly evaluates the suitability of the electrode geometry for light trapping
independent of the height of the wires, we calculated ;1 for an array of 2 pm wide triangular
electrodes with a 1.4 um tall rectangular base and 2 um wide hemicylindrical electrodes with a
1.4 pm tall rectangular base using the same numerical approach as above. The corresponding
result are indicated by the square symbols in Fig. 6. Despite the fact that this structure has an
8.6 times larger sheet conductivity, the obtained Ty values are indeed very close to those of the
triangular and cylindrical wires of the same width. This confirms that our choice of light-trapping
FOM is a good measure of the light trapping efficiency of a particular electrode surface shape,
while largely removing the dependence of wire height or aspect ratio.

6. Summary

In conclusion, we have studied the size-dependent optical and electrical performance of triangular
and cylindrical metallic wire grid light-trapping transparent electrodes. A gradual increase in
optical performance of triangular wire electrodes was observed as the wire width increased.
This trend was successfully explained in terms of the size-dependent angular distribution of
the reflection from individual wires. Cylindrical nanowires showed no such size dependent
trend, matching model predictions based on individual wire reflection distributions. The spectral
response of triangular wire arrays was found to be broadband and relatively smooth, whereas
cylindrical nanowire arrays support multiple grating resonances leading to large spectral variation
in transmission and a large degree of polarization of the transmitted light. All observations
indicate that micron-sized triangular wire light trapping transparent electrodes substantially
outperform cylindrical nanowire light trapping electrodes in terms of absolute transmission,
spectral dependence, and polarization insensitivity. Triangular electrodes with a width of 2
pm and a metal coverage of 25% were found to recover as much as 88% of the unpolarized
light incident on the metal portion of the wire array, resulting in 97% optical transparency and
0.35 Q/sq. sheet resistance at a wavelength of 750 nm, with a broadband optical transmittance
exceeding 86% in the wavelength range 400 nm-1.1 um. A new figure of merit was introduced
that evaluates the overall light trapping potential of transparent electrodes based on embedded
shaped metallic wire arrays.
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