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Fundamental Performance Limits and Haze Evaluation of
Metal Nanomesh Transparent Conductors
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Bradley D. Pafchek, Ziyu Zhou, Paul R. Ohodnicki, and Paul W. Leu*

Metal nanomeshes are demonstrated as flexible transparent conductors with
performance comparable to indium tin oxide. However, it is not known what
the performance limits of these structures are in terms of transparency and
sheet resistance. More importantly, the haze, which describes how much
incident light is scattered by these structures, has not been studied. In this
paper, the transmission, sheet resistance, and haze of metal nanomeshes are
comprehensively studied to determine their fundamental performance limits
as transparent conductors through simulations and experiments. Numerical
simulations and analytical calculations are used to evaluate the tradeoffs

and correlations between these three figures of merit. A strong correlation

is found between haze and transmission, where structures with high trans-
mission tend to have low haze and vice versa. Structures with a pitch above
1000 nm are beneficial for achieving transmission over 80% and larger thick-
ness is favorable in reducing sheet resistance without significantly affecting
transmission. Furthermore, metal nanomeshes are fabricated to verify simula-
tion results. The haze may be primarily explained by Fraunhofer diffraction,
but the spectral dependence of haze requires analysis with Mie scattering
theory. The results should apply to all metal grid or grating-like structures.

displays, touch screens, and light-emitting
diodes.”?! Recently, many inexpensive and
alternative flexible transparent conduc-
tors have been demonstrated, including
metal nanowires,P’l metal grids and nano-
meshes,*?] carbon-based materials,[l and
various hierarchical structures.”#l Many
of these alternative transparent conduc-
tors have demonstrated comparable or
superior performance to indium tin oxide
(ITO) in terms of optical transmission and
sheet resistance. Most research on alterna-
tive transparent conductors has focused
on evaluating and understanding the per-
formance limits and tradeoffs in terms
of optical transmission and sheet resist-
ance, such as studies on metal nanowire
films.”1% However, aside from these two
figures of merit, haze, which describes
the amount of transmitted light that is
scattered, is another important figure of
merit for transparent conductors that has

The fundamental performance limits evaluated here are helpful for guiding

engineering design and research prioritization.

1. Introduction

Transparent conductors are an important component in a
variety of optoelectronic applications,such as solar cells,!!

Dr. T. Gao, S. Haghanifar, M. I. Kayes, Z. Zhou, Prof. P. W. Leu
Department of Industrial Engineering
University of Pittsburgh

Pittsburgh, PA 15261, USA

E-mail: pleu@pitt.edu

M. G. Lindsay, B. D. Pafchek
Department of Mechanical Engineering
University of Pittsburgh

Pittsburgh, PA 15261, USA

Dr. P. Lu, Dr. P. R. Ohodnicki

National Energy Technology Laboratory
U.S. Department of Energy

Pittsburgh, PA 15236, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.201700829.

DOI: 10.1002/adom.201700829

Ady. Optical Mater. 2018, 6, 1700829

1700829 (1 of 7)

largely been unstudied. Haze is a critical
factor in the light management for a
variety of optoelectronic devices. In solar
cells, for instance, considerable power
conversion efficiency loss is attributed to
the light that fails to couple into the photoactive layers, due
to the reflection at interfaces.'!l Implementing transparent
conductors with high haze as the top electrode may diminish
such loss by increasing the absorption of light that enters the
solar cell. Similarly, incorporating high haze substrates into
organic light-emitting diodes may lead up to 20% improvement
in luminescent efficacy.l'? In contrast, applications such as flat
panel displays favor low haze transparent conductor for clear
display effects. Despite the importance of haze for optoelec-
tronic applications, conventional transparent conductors such
as ITO thin films lack the tunability of haze because of their flat
and homogeneous morphology. A broad range of light man-
agement layers have been developed to tune the haze of trans-
parent conductors and improve solar cell and light-emitting
diode performance.'¥l However, implementing such additional
layers in devices introduce extra processing steps and material
cost. Studying the haze of on transparent conductors is impera-
tive. Yet, there has only been one limited study on the haze of
nanowire films so far, which compared the properties of two
diameters of nanowires.'¥ Tt is still not clear how to control
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haze in nanowire films, because the haze also depends on the
nanowire film spacing, uniformity, alignment, and ordering,
and there tends to be much randomness in these films.

In contrast to random metal nanowire films, we recently
demonstrated metal nanomeshes that may be fabricated with
well-defined morphology and high uniformity over large areas
in any metal that can be deposited.! These metal nanomeshes
have demonstrated comparable performance to ITO. The ability
to fabricate metal nanomeshes with well-defined pitch, hole
diameter, and thickness enables the engineering of particular
optical properties such as transmission and haze.

In this paper, we evaluate the optical transmission, sheet
resistance, and haze of metal nanomeshes as transparent con-
ductors. We study these properties comprehensively through
simulations for all nanomeshes with pitch and diameter less
than 4000 nm and a thickness of 50 nm. The fundamental per-
formance limits of these three properties are evaluated, and the
tradeoffs between these three figures of merit as well as the cor-
relations between these properties are discussed. In particular,
a strong correlation between haze and transparency is found in
nanomeshes. Metal nanomeshes with high transparency tend
to have low haze and vice versa. Furthermore, we fabricate Cu
nanomeshes with different geometries to verify our simula-
tion results. The haze of metal nanomeshes may be primarily
explained by Fraunhofer diffraction theory, and the spectral
dependence of haze may be explained by Mie scattering from
the metal regions between holes. In this paper, we focus on
Cu nanomeshes, though the results of our studies should
also apply to other metals. These results should also apply to
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all types of grating or grid-like structures, in which the metal
structure has a well-defined 2D lattice.

2. Results and Discussions

Figure 1 shows a summary of our simulation results for metal
nanomeshes. Figure la shows a schematic representation of
the metal nanomesh, which consists of a metal thin film with
cylindrical holes patterned in a hexagonal lattice. The mor-
phology of metal nanomeshes is defined by the pitch of the
hexagonal array a, the diameter of the holes d, and the thick-
ness of the metal t. Figure 1b—d shows the sheet resistance R;,
total transmission at wavelength A = 550 nm, and haze at A =
550 nm, respectively, as a function of metal nanomesh pitch a
and hole diameter d for nanomeshes with thickness ¢t = 50 nm.
The pitch a and hole diameter d range from 600 to 4000 nm,
with d < a to ensure continuity of the metal. The sheet resist-
ance shown in Figure 1b was obtained through finite element
analysis simulations and calculated as the average of Ry, and
R;,,, where R . and Ry, are the sheet resistance measured in
the x- and y-directions, respectively. The simulations assume
the bulk resistivity of Cu (p = 1.68 X 10~® Q m) and do not con-
sider the polycrystallinity of the Cu or surface scattering of elec-
trons. Thus, R, should simply decrease linearly with increasing
thickness in these simulations. The optical total transmission
in Figure 1c accounts for the light scattered at all angles (both
nonscattered and scattered) and will be referred to as the trans-
mission, unless otherwise specified. The optical transmission
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Figure 1. Simulated metal nanomesh properties. a) Metal nanomesh schematic representation. The metal nanomesh is defined by pitch a, hole
diameter d, and thickness t. Contour plots of b) sheet resistance R of copper nanomeshes, ¢) transmission T (at A =550 nm), and d) haze H (at A =
550 nm) as a function of pitch a and hole diameter d for thickness t = 50 nm.
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was simulated by the finite-difference time-domain method
with periodic boundary conditions.’>! Cu films are essentially
opaque when thicker than 30 nm,®! so the Cu nanomesh
transmission should become approximately constant for thick-
nesses over 30 nm. The transmission is averaged for incident
light polarized along the x- and y-directions with 550 nm wave-
length. We find that a pitch greater than 1000 nm is needed for
achieving transmission over 80%.
The haze H shown in Figure 1d is defined as

He Forward scattered light % 100%

1)

Total transmission

where the total transmission is equal to the sum of the forward
nonscattered light and forward scattered light. The haze is com-
putationally investigated by calculating the analytical Fraun-
hofer diffraction pattern of metal nanomeshes, where the metal
nanomeshes are an infinite hexagonal array of cylindrical holes
in an optically opaque film. The Fraunhofer diffraction pattern
is calculated by sampling the diffraction pattern of a single
hole (Bessel function of the first kind) at the k-points associ-
ated with the reciprocal lattice of the 2D hexagonal hole lattice.
The (0, 0) diffraction mode is considered the forward nonscat-
tered light, while the rest of the modes are considered forward
scattered light. The haze calculated from this definition for the
metal nanomeshes discussed in this paper is the same as the
haze definition given by ASTM D1003,'®l where nonscattered
forward light is considered as all transmitted light that deviates
from the incident beam less than or equal to 2.5°, and scattered
forward light is transmitted light that deviates from the inci-
dent beam greater than 2.5° (6 < 2.5° and 0 > 2.5°, respectively).
Among all the Cu nanomeshes geometries in our study, the
largest pitch is 4000 nm, corresponding to the lowest non-(0, 0)
light mode diffracting at about 9° from the incidence angle.
The lowest non-(0, 0) modes diffract at angles less than 2.5°
only for a > 14,600 nm at A = 550 nm.

Figure 2 plots the diffraction patterns of two different
nanomeshes where 6 is plotted on the radius from 0° to 90°
and ¢ is plotted as the angle from 0° to 360°. 6 is the angle
of deviation from the incident beam along the z-axis or the
zenith angle, and ¢ is the angle of rotation around the injec-
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tion z-axis or azimuthal angle. Figure 2a plots the diffraction
pattern of a nanomesh with pitch a = 3500 and d = 3200 nm
and panel b plots the diffraction pattern with pitch a = 1400 and
d = 1000 nm. These two particular nanomeshes were fabricated
experimentally, and their experimental characterization will be
discussed later and compared with simulation results. For the
nanomesh with pitch a = 3500 nm, there are 109 modes pre-
sent due to the large pitch. Since the holes are large, the light is
mainly diffracted into the (0, 0) mode. As mentioned earlier, the
(0, 0) diffraction mode is considered the forward nonscattered
light, while the rest of the modes are considered forward scat-
tered light. For this particular nanomesh, the analytical haze is
22% and from electrodynamic simulations, the transmission is
71% (compared to 76% from a geometrical shadowing calcula-
tion). Figure 2b plots the diffraction pattern of a metal nano-
mesh with pitch a = 1400 nm and diameter d = 1000 nm. Due
to the smaller pitch, there are only 19 modes present. Since the
holes are small, the light is also strongly diffracted into higher
order modes, such that the haze is higher. The analytical haze
is 49% and, from electrodynamic simulations, the transmission
is 41% (compared to 46% from just a geometrical shadowing
calculation).

In order to study the correlation between transmission,
haze, and sheet resistance, we evaluated the range of values
that are achievable by different nanomesh geometries. Figure 3
plots the envelope or the range of transmission, haze, and
sheet resistance for the metal nanomeshes simulated (specifi-
cally, 600 nm < a <4000 nm and 600 nm < d < 4000 nm with
d < a and t = 50 nm). For different thicknesses above 30 nm,
the haze and transmission should be about the same as those
shown, since the Cu regions are essentially opaque, and for
increasing thicknesses, the sheet resistance should decrease
linearly. Figure 3a plots the range of transmission and haze
(at A=550 nm). As can be seen from this plot, the transmission
and haze show a strong and nearly linear correlation with each
other. Nanomeshes with transmission > 80% have H < 17%
and nanomeshes with H > 80% have transmission < 21%.
Figure 3b shows the range of sheet resistances and transmis-
sions that are achievable. Cu nanomeshes with a higher trans-
mission tend to have a higher sheet resistance, but increasing
the thickness of the metal nanomesh may be utilized to

(b)

270

Figure 2. Diffraction patterns of different metal nanomeshes with a) a = 3500 and d = 3200 nm and b) a = 1400 and d = 1000 nm. The color scale

shows light intensity normalized to the (0, 0) order diffraction mode.
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Figure 3. Performance limits of haze, transmission, and sheet resistance achievable in Cu nanomeshes of various hole diameters d and pitch a. The
data shown are specifically for thickness ¢t = 50 nm. a) Range of haze and transmission achievable by varying diameter and pitch. b) Range of transmis-

sion and sheet resistance.

decrease the sheet resistance without significantly sacrificing
transmission. In addition, a variety of hierarchical structures
have been reported to dramatically decrease sheet resistance
and only slightly decrease transmission.®']

We next studied the haze and transmission properties of
various experimentally fabricated metal nanomeshes and com-
pare them with simulation results. Cu nanomeshes of a variety
of pitches and hole diameters with thickness t = 50 nm were
fabricated by microsphere lithography.”! Figure 4 shows scan-
ning electron microscope (SEM) pictures of two representative
Cu nanomeshes at two different magnifications. The nano-
meshes pictured have (a) a = 3500 and d = 3200 nm and (b) a =
1400 and d = 1000 nm, which are the same metal nanomeshes
discussed specifically in simulations (Figure 2). We found
that it is more difficult to fabricate larger pitch (@ = 3500 nm)

(a)

= 2um

nanomeshes with high uniformity and ordering, because larger
microspheres tend to have larger variance in diameter. The
smaller pitch metal nanomesh also has some line defects and
due to the longer etching times, the holes are slightly deformed
or off center. The optical transmission was measured using a
PerkinElmer Lambda 750 spectrophotometer. The transmis-
sion was measured with an integrating sphere, while the direct
transmission was measured with a 2D optical detector. The
transmissions for the samples shown in Figure 4a,b are 80%
and 45%, respectively, at A = 550 nm, compared with 71% and
41% from simulations discussed earlier. The hazes are 17%
and 36%, respectively, at A = 550 nm (compared to 22% and
49%, respectively, from theory) and the sheet resistances are 20
and 1.5 Q sq7!, respectively (compared to 2.6 and 0.9 Q sq7},
respectively, from simulations). The larger difference in sheet

(b)

Figure 4. SEM pictures of Cu nanomeshes with different geometries fabricated using microsphere lithography. a) a = 3500 nm, d = 3200 nm and b) a

= 1400 nm, d = 1000 nm. The thickness is 50 nm for both.
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Figure 5. Angular distribution of normalized transmission through the Cu nanomeshes shown in Figure 4. a) a = 3500 nm, d = 3200 nm and b) a =

1400 nm, d = 1000 nm. The thickness is 50 nm for both.

resistance for the 3500 nm pitch nanomeshes may result from
assumptions of bulk resistivity and some of the nonuniformity
in experimental fabrication.

We next compared the angular distribution of the transmis-
sion through these Cu nanomeshes with analytical calculations.
The angular distribution of transmission through the Cu nano-
meshes was measured using a universal spectrometer (Cary
7000 Universal Measurement Spectrophotometer) with a 5 mm
by 5 mm square beam at A = 550 nm (Figure 5). The photo-
detector receives light in a 6° cone so that there is substantial
broadening on the light intensities measured and the haze
calculated directly from these plots has different values from
that measured with an integrating sphere. The angular distri-
bution was measured at two azimuthal angles, ¢ = 0° and 180°,
at varying zenith angle, 8 = 0°-90° to account for all transmis-
sion angles. Since the fabricated metal nanomeshes consist of
various grains where the individual crystallites are oriented ran-
domly, the diffraction modes are averaged over all ¢ and thus
may still be observed. In addition to experimental data, we also
plot the analytical solution for the metal nanomeshes assuming
the size of the hole array is 5 by 5 in the case of the (a) larger
pitch metal nanomesh and 9 by 9 in the case of the (b) smaller
pitch metal nanomesh. The analytical data are also smoothed
with a Gaussian kernel with a bandwidth of 3° to account for
the photodetector receiving light over a 6° cone. As can be seen
in Figure 5, the experimental and analytical data match well.
While the larger metal nanomesh consists of many diffraction
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modes, most of the light is transmitted straight through into
the (0, 0) mode. Since the higher modes are closely spaced
together in angle and averaged over all azimuthal angles, the
individual peaks are not observable. In contrast, for the smaller
pitch metal nanomesh, the higher order diffraction modes can
be observed. The experimental measured data appear to have
broader higher order modes due to imperfections in the nano-
mesh crystal lattice (different sized holes, hole not being per-
fectly circular, off lattice site holes, etc.).

The hole spacing can be estimated from the width of the
first-order diffraction modes using Bragg's law for a 2D hexag-

onal hole array.'® The first-order diffraction, that is, first-order

2

Debye ring, takes place when a=— The maximum

A

V3 sing’
and minimum 6 within the Debye ring correspond to the min-
imum and maximum of hole spacing a. The range of diffrac-
tion angle 0 is obtained by peak fit. In Figure 5b, the center of
the peak is at 23° and the full width at half maximum is 6.7°,
with the 6° instrumental broadening subtracted. Therefore, the
hole spacing is estimated to be ranging from 1430 to 1890 nm.
The estimate is a result of the sum of all the aforementioned
imperfection types.

Figure 6a shows the transmission and haze of all our fabri-
cated Cu nanomeshes. By varying the pitch and hole diameter
of the Cu nanomeshes, a variety of hazes ranging from 17% to
36%, and transmissions corresponding to 80-45% were meas-
ured. The experimentally measured values and correlation
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Figure 6. Range of a) transmission and haze, and b) sheet resistance and transmission from the fabricated Cu nanomesh samples.
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Figure 7. a) Transmission and b) haze as a function of wavelength for Cu nanomeshes with pitch a = 1400, diameter d = 1000 nm (green lines) and
a=3500 nm, d =3200 nm (blue lines). The thickness is 50 nm for both nanomeshes. Experimental results are shown with solid lines and theoretical
results are shown with dashed lines. The scattering efficiency of a single Cu nanowire with thickness t = 50 nm and width w = 400 nm is shown in (b)

on the right y-axis in cyan.

match well with the computational results in Figure 3a. Smaller
hole diameters are required by the Cu nanomeshes for a
higher haze, which in turn compromise the transmission due
to higher reflection and higher absorption. Figure 6b shows
the sheet resistance and transmission of the fabricated nano-
meshes. Cu nanomeshes with 80% transmission at 20 Q sq
are demonstrated, which is comparable to ITO. Similar to the
simulation results shown in Figure 3D, there is also a tradeoff
between sheet resistance and transmission in the experimental
data. The fabricated Cu nanomeshes exhibit higher sheet
resistance than the simulation results at a fixed transmission,
because our simulations assume bulk resistivity, ignore surface
scattering, and assume ideal geometry.

Finally, we studied the transmission and haze as a function
of wavelength. Figure 7 shows the experimental and simulation
results of (a) transmission and (b) haze as a function of wave-
length for the same geometry nanomeshes that we have been
discussing. The experimentally fabricated Cu nanomeshes
have flatter transmission spectra compared with the simulation
results because of their less perfect periodicity. The calculated
haze spectra match the experimental results reasonably well for
both geometries. The theoretical haze spectra decrease monoton-
ically with increasing wavelength, as the number of diffraction
modes decreases with increasing wavelength. For example, the
large pitch (a = 3500 nm) nanomesh has 433 diffraction modes
at A = 280 nm and 19 modes at A = 1200 nm and the smaller
pitch (a = 1400 nm) nanomesh has 61 diffraction modes at
A =280 nm and 7 modes at A = 1200 nm. With less modes at
larger wavelengths, more of the light intensity is concentrated
in the (0, 0) nonscattered mode and thus the haze decreases.
However, the experimentally measured haze tends to be lower
at smaller wavelengths compared with the calculation. Instead
of implementing metal properties in the haze calculation for
nanomeshes, optically opaque material with zero reflection is
assumed to provide a simple physical picture. The inflection
points in the haze spectra near A = 550 nm originate from the
refractive indices of Cu. This discrepancy may be explained
by Mie scattering from the metal regions between the holes.
Figure 7b shows the Mie scattering efficiency of a single free-
standing Cu nanowire with rectangular cross section, with
thickness t = 50 nm, width w = 400 nm. This efficiency was
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calculated by the finite-difference time-domain method using
a total-field scattered-field source to detect the scattered power
flux. The Mie scattering efficiency of a Cu nanowire is defined
as the ratio of the scattering cross section and the width of the
nanowire w, where the scattering cross section is the energy
flux removed from the incident light due to scattering. Mie
scattering efficiency of Cu nanowire for incident light with
electric field vector parallel and perpendicular to the nanowire
was calculated respectively and averaged. As can be seen from
the plot, this geometry has a lower Mie scattering efficiency at
wavelengths shorter than 550 nm. The shape of the haze spec-
trum may be tuned by using different nanomesh materials,
such as silver or gold.

3. Conclusions

In conclusion, we report both simulation and experimental
results on transmission, sheet resistance, and haze of Cu nano-
meshes. Simulations and theoretical calculations were used to
comprehensively evaluate the transmission, haze, and sheet
resistance of metal nanomesh structures, shedding light on the
performance limits and correlation of metal nanomeshes as
transparent conductors. Experimentally, we fabricated a variety
of Cu nanomeshes to verify simulation results. The experi-
mental results verify the correlation between haze and trans-
mission. The haze may be primarily explained by Fraunhofer
diffraction, though there are some Mie scattering effects from
the metal region between holes. Future work will be devoted
to breaking this correlation by introducing additional light-scat-
tering elements to the Cu nanomesh.[*")
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