DE GRUYTER

Nanophotonics 2021; 10(15): 3823-3830 a

Research article

Landobasa Y. M. Tobing, Michat Wasiak, Dao Hua Zhang*, Weijun Fan* and

Tomasz Czyszanowski*

Nearly total optical transmission of linearly
polarized light through transparent electrode
composed of GaSb monolithic high-contrast
grating integrated with gold

https://doi.org/10.1515/nanoph-2021-0286
Received June 5, 2021; accepted September 10, 2021;
published online September 22, 2021

Abstract: Achieving high transmission of light through
a highly conductive structure implemented on a semi-
conductor remains a challenge in optoelectronics as the
transmission is inevitably deteriorated by absorption and
Fresnel reflection. There have been numerous efforts to
design structures with near-unity transmission, yet they
are typically constrained by a trade-off between conduc-
tivity and optical transmission. To address this problem,
we propose and demonstrate a transmission mechanism
enabled by a monolithic GaSbh subwavelength grating
integrated with Au stripes (metalMHCG). Near-unity
transmission of polarized light is achieved by inducing
low-quality factor resonance in the air gaps between the
semiconductor grating stripes, which eliminates light
absorption and reflection by the metal. Our numerical
simulation shows 97% transmission of transverse mag-
netic polarized light and sheet resistance of 2.2 QSq™". The
metalMHCG structure was realized via multiple nano-
patterning and dry etching, with the largest transmission
yet reported of ~90% at a wavelength of 4.5 pm and above
75% transmission in the wavelength range from 4 to 10 pm
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and sheet resistance at the level of 26 QSq . High optical
transmission is readily achievable using any high
refractive index materials employed in optoelectronics.
The design of the metalMHCG is applicable in a wide
electromagnetic spectrum from near ultraviolet to
infrared.
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1 Introduction

Electrically conductive and transparent layers imple-
mented at the semiconductor surface are in high demand
for interactive electronics [1-4], concentrator photovol-
taics [5-8], light-emitting diodes (LEDs) [9], and surface-
emitting lasers (SELs) [10, 11]. Simultaneously addressing
the requirements of low sheet resistance and high optical
transmission remains a scientific and technological
challenge. The most common solution for both electrical
conductivity and optical transparency is to deposit a layer
of indium tin oxide (ITO). However, the conductivity of
the ITO layer comes at the expense of light absorption,
which imposes a trade-off between high electrical con-
ductivity and high optical transmission. For this reason,
ITO layers are typically employed for low-current appli-
cations. Moreover, due to free-carrier absorption in the
near- and far-infrared spectrum [12], the use of ITO as
transparent electrodes is limited to the visible spectrum.
An alternative solution is offered by meta-structures,
in the form of periodic metal grids or irregular metal
nanowire networks [13]. However, because the pitch of
such periodic structures, or the average distance between
their nanowires, is larger than the wavelength, their
thickness is minimized to reduce interaction with the
electromagnetic field, which inevitably contributes to
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absorption, reflection, scattering, and diffraction. Other
approaches include, for example, the implementation of
thin carbon-based layers [14].

All these solutions are susceptible to Fresnel reflec-
tion, which occurs at the smooth interface between
materials of different refractive indices [15]. As described
by Fresnel equations, light transmission can be reduced
by 20-40%, assuming a typical refractive index contrast
between the semiconductor and air. Fresnel reflection
can be eliminated by antireflection coatings, yet these are
typically nonconductive dielectrics, which deteriorate
current injection into the semiconductor. Another
approach that enables total optical transmission is the
guided-mode resonance effect, which can be realized by
dielectric subwavelength gratings. The high-quality factor
of the resonance enables high transmission in a narrow
spectral range providing effective spectral filtering [16-18].
However, a reduction in both the parasitic absorption of
the conductive layer and Fresnel reflection in the broad
spectral range can be achieved using a thin metal layer
patterned with subwavelength periodic arrangements of
one-dimensional (1D) slits or two-dimensional (2D) holes
facilitated by propagating and localized surface plasmon
(SP) modes [19]. This type of transmission, based on the
extraordinary optical transmission (EOT) mechanism
[20-28], results from resonant excitation of SPs. When the
grating period is in the deep subwavelength range, 90% of
the transverse magnetic (TM) polarized light (the magnetic
component of the electromagnetic field parallel to the
walls of the slits) can be transmitted through the 1D metal
grating in the infrared spectrum. However, this EOT
mechanism is rather suppressed in the visible and near-
infrared (NIR) spectrum due to the increased optical loss of
plasmonic metals in the visible and NIR spectrum. As a
result, transmission through a 1D grating becomes smaller
than the Fresnel transmission through the plane interface
between the semiconductor and air [29].

Another mechanism responsible for reduced trans-
mission is the creation of SPs at the metal-semiconductor
interface, where the creation of SPs increases light reflec-
tion and absorption at the expense of transmission [30, 31].
In such a configuration, the transmission of transverse
electric (TE) polarization is drastically reduced. Indeed,
the observed counteracting phenomena in TE and TM
transmissions through a 1D metal grating play an ambiv-
alent role in the mechanism of transmission through 2D
metal structures, resulting in comparable or lower trans-
mission compared to the transmission through an ITO
layer [32].

Using numerical analysis [33], we proposed a semi-
conductor deep-subwavelength monolithic high-contrast
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grating integrated with metal (metalMHCG) to address the
above problems. The metalMHCG design consists of metal
stripes implemented on top of semiconductor grating
stripes. The incident plane wave of TM polarization couples
to low-quality factor cavity resonance (CRs), enabling
broadband transmission. The localization of CR in the air
gaps between the semiconductor stripes impedes the for-
mation of SPs at the interfaces between the metal and
semiconductor stripes. This effect almost completely
eliminates metal absorption, which is responsible for the
deterioration of transmittance in structures with metal
gratings on semiconductor substrates [29]. The metalMHCG
can serve in low electrical power applications in which
current is transported in the plane of the metal stripes but
mostly in numerous high power applications as top
transparent electrode enabling current flow to or from the
semiconductor as for example in vertical-cavity surface-
emitting lasers, surface-emitting lasers, light emitting di-
odes, and photodetectors. In all those applications, the
direction of the current flow and the light propagation is
the same, which enforces the use of ring contacts together
with current confining regions [34] that deteriorate the ef-
ficiency of the devices due to the current crowding effect
[35]. We expect that the metalMHCG can serve as a highly
conductive transparent electrode in those devices enabling
fully vertical current flow and exceptional optical proper-
ties that are examined in this paper.

In this paper, we report the first fabricated semi-
conductor deep-subwavelength monolithic high-contrast
grating integrated with metal (metalMHCG). The configu-
ration is transparent to TM polarization and is designed for
maximal transmission at a wavelength of 4.5 pm. The
structure is fabricated from GaSb, with gold stripes
deposited on top of a GaSb grating. In what follows, we
show by numerical calculations using the plane-wave
reflection transformation method [33, 36] that a carefully
designed metalMHCG configuration enables nearly 100%
optical power transmittance. This is in line with the high
transmission observed experimentally for the metalMHCG
structure in the same configuration.

2 Results

The metalMHCG used in the calculations consists of a semi-
infinite, monolithic undoped semiconductor substrate
with etched stripes on the surface and a semi-infinite air
superstrate. Gold stripes 50 nm thick are deposited on top
of the semiconductor stripes (Figure 1). In the calculations,
we consider a single period of the grating with periodic
boundary conditions, which elongate the grating to infinity
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in the lateral direction. The parameters of the metal MHCG
are as follows: L — period of the grating, set to 0.8 pm; a —
width of the grating stripe, set to 0.5 pm; H — height of the
semiconductor stripe. In the numerical analysis presented
below, H is a variable. The values for L and a are optimized
with respect to the maximal transmission for a wavelength
of around 4.5 pm, according to the procedure presented in
[33]. The refractive indices of the semiconductor grating n;
and metal n,, are given by dispersion characteristics based
on [37, 38].

Calculated transmission mappings of a metalMHCG
illuminated by TM and TE polarization at normal incidence
are presented in Figure 2(a) and (b), respectively. At least
one grating mode exists in the subwavelength region
(A< L ny). Interference between the incident plane wave and
the grating mode(s) induces a typical pattern of low and
high transmissions through the grating [39], which enables
narrowband transmissions with maximal values of ~50%.
In the deep subwavelength regime (A > L ng), the pattern of
transmission bands resembles the Fabry—Perot (FP)
mechanism, suggesting that instead of coupling to the
grating modes, the incident plane wave creates a low-
quality factor etalon between the two interfaces of the
metalMHCG [37] one at the interface of the grating with the
semiconductor surface and the other at the interface of the
grating with air.

In the case of TM polarization, Fresnel reflection is
eliminated when the incident plane wave couples to the CR,
which is located in the air gaps between the stripes
(Figure 2(c)). In the case of TE polarization, the plane wave
couples to the CR in the high refractive index stripes
(Figure 2(d)). The metal at the top of the grating stripe thus
prohibits the transmission of TE polarization throughout the
deep subwavelength regime (Figure 2(b)).

The configuration with metal stripes only (H = 0)
enables more than 65% transmission for A > 10 pm
(see Figure S1 in Supplementary Materials illustrating
measured and calculated transmissions). Increasing the
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z Figure 1: MetalMHCG composed of
semiconductor bars implemented on a
substrate of the same material (in gray)
with metal stripes (yellow) implemented on
top of the semiconductor bars.

The geometrical parameters of the
metalMHCG are defined in the figure.

transmission in this configuration to 90% requires careful
design of the gold stripes. In particular, it requires a very
short grating period with respect to the wavelength, given
by the condition L/A > 0.05. Moreover, transmission is an
oscillating-like and decaying function of the gold height
[30]. By contrast, the metalMHCG allows for greater flex-
ibility in the choice of the grating parameters, particularly
the height of the metal stripes which can be varied
smoothly in the range H,,/\ < 0.7, enabling transmission
above 95%. The grating period can be as large as
L/A = 0.18 [33], which significantly relaxes the fabrication
requirements. Based on the results shown in Figure 2(a),
we demonstrated this metalMHCG concept experimen-
tally, by investigating the transmission of metalMHCG
with 50 nm thick Au stripes implemented on top of a GaSh
grating.

The metalMHCG was fabricated by a combination of
multistep patterning and dry etching (as described in detail
in Supplementary materials S1), where the gold grating and
the MHCG structures are to be fabricated with precise
alignments. Owing to the serial nature of electron beam
lithography, in which the patterns consist of write-fields
that are stitched together, alignment errors are likely to
occur and propagate from one write field to another.
To avoid this error, the metalMHCG pattern was realized
within a single write field, with alignment markers
designed to have a Vernier-type shape for more accurate
alignment. Using this strategy, a metalMHCG structure
with good alignment was achieved, as illustrated in the
false-colored scanning electron microscope (SEM) images
in Figure 3(a) and (b). The MHCG was made 10 pm longer
than the metal stripes to facilitate inspection of their
alignment at the edges of the sample. The alignment
quality between the patterns is generally evaluated via the
overlaid vernier markers (Figure 3(c)), where the first
marker (associated with the gold grating) and second
marker (associated with the MHCG) are close to the ideal
layout depicted in the inset.
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Figure 3: Fabricated MetalMHCG structures.
(@) Top-view, (b) Oblique-view false-colored SEM images. (c) Investigation of the alignment quality of the overlaid markers. The inset in
(c) depicts the layout of the first and second markers.

SEM images of the fabricated metalMHCG revealed
very close to rectangular cross-sections and geometrical
parameters that matched very well to the design parame-
ters: L = 793 + 3 nm; a = 509 + 9 nm; H = 397 + 16 nm.
The widths of the gold stripes on top of the GaSb stripes
were a,, = 427 + 6 nm in the metalMHCG configuration. The
metal stripes were made slightly narrower than the semi-
conductor stripes to anticipate alignment errors origi-
nating from the first and second patterning. However, as
became evident from our numerical simulation (Supple-
mentary Figure S1), there was little difference between the
transmission spectra of the metalMHCG configuration and
the ideal case of metal and semiconductor stripes of equal

6
wavelength [um]

b)

8 10

Figure 2: Calculated maps of transmittance
(T) for metalMHCGs in the domain of
wavelength and grating height (H) for
a=0.5pmand L=0.8 pm with TM (a) and TE
(b) polarization. Numbers (1) and (2)
indicate the metalMHCG configurations
with H = 0.38 um and corresponding light
distributions illustrated in (c) and (d),
respectively. Distributions of optical field
intensity within a metalMHCG illuminated
by TM (c) and TE (d) polarization.
Transmission of TM and TE polarizations for
configuration indicated by (1) and (2) is 98
and 3%, respectively.

EE*
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widths. In both cases, the maximal value of transmission
remained nearly unchanged and blueshifted by 5%.

The spectral responses were experimentally charac-
terized using a microscope integrated with infrared light
sources from Fourier-transform infrared spectrometer sys-
tem (described in Supplementary Material S2). The sample
was slightly tilted off-normal to avoid unwanted spectral
fringes caused by multiple reflections within the sample
and among the optical components. Our main results are
summarized in Figure 4(a), which shows the experimental
and calculated transmission spectra of the metalMHCG.
The transmission of the metalMHCG (T) was normalized
with the transmission through an unpatterned GaSb layer
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Figure 4: (a) Experimental spectra of transmittance for the metalMHCG illuminated by TM (red) and TE (blue) polarizations; simulated spectra
of transmittance for TM (dark red) and TE (dark blue) polarizations, multiple, overlapping lines represent combinations of errors in determining
the metalMHCG parameters; gray dashed line represents Fresnel transmission through the plane interface between the GaSb and air, based
on GaSb refractive index dispersion [31]. Numbers (1)-(4) indicate wavelengths and corresponding light distributions illustrated in (b); the
black line and right axis represent the experimental spectrum of power reflectance determined in arbitrary units for TM polarization.

(b) Distributions of optical field intensity within a metalMHCG illuminated by TM polarizations of various wavelengths.

on the same sample. The value of Fresnel transmission
through the uniform layer was aligned with the theoret-
ical value indicated by a gray dashed line in the figure.
The comparison of theoretical and experimental Fresnel
transmission provides Figure S1 in Supplementary Mate-
rials. The theoretical dependence is determined for
absorption-free material. Therefore in the range A < 4 pm
experimental Fresnel transmission deviates from the
theoretical one due to the presence of interband absorp-
tion that increases with the decrease in the wavelength.
The experimental TM-polarized transmission through the
metalMHCG revealed a prominent maximum of T = 90%
at A = 4.64 pm, as indicated by the red solid line in the
figure. This is the highest transmission experimentally
reported for a 1D metal grating structure deposited on a
high refractive index semiconductor substrate.

The broadband high transmission (75 % <T < 90%),
which exceeds that of the Fresnel transmission of bare
GaSh (T = 66%), was observed in a spectral range from
A =3.68 pm to the long-wavelength limit of the measure-
ment setup. The dark red lines represent simulated spectra
for possible nonidealities in the geometrical parameters
(i.e., L, a, a,, H). Owing to the excellent agreement be-
tween the simulated and measured spectra, the discrep-
ancy between the simulated and experimental spectra
cannot be attributed to the deviations in the geometrical
parameters, nor to the slight tilting of the sample to prevent
unwanted multiple reflections.

We also simulated the effect of incidence angles on
the transmission spectra (at A = 4.64 um), to take into
account the reflection-type objective lens used in the
characterization, as shown in the Supplementary mate-
rials (Figure S4). The reflection-type objective lens blocks
the normal incidence part of the illumination, and ac-
cording to its specification allows incidence angles (6)
from 6 = 15° to 30° (corresponding to a lens numerical
aperture of 0.5). The transmission varies by 1% as the
incidence angle is increased from 6 = 0° to 30°, indicating
that the incidence angle is not the main factor causing the
discrepancy between the measurement and the simula-
tion. We hypothesize that the 8% lower transmission in
the experimental transmittance is attributable to the
sidewall corrugations, which are visible in Figure 2(a). It
is well known that dry etching causes hard mask materials
to be sputtered and redeposited onto a sample, creating
what is commonly termed a ‘micromasking artifact’. We
believe that the corrugations are the result of micro-
masking near the sidewall of the GaSb stripes. Such
micromasking incidences can be reduced by further
optimization of the dry etching process. High trans-
mission at A = 4.64 pm was additionally confirmed by
reflectance measurements (black line), revealing near-
zero reflection. This indicates an elimination of the Fres-
nel reflection and reflection by the metal as predicted by
the simulations [33]. The reflection measurements were
normalized with respect to reflection from a 50 nm thick
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gold pad on the same sample, and hence together with the
transmission and possible absorption cannot be summed
to 1.

The experimental transmittance decreased abruptly to
alevel not exceeding 20% at A < 3.5 pm, which is a symptom
of interference between the incident plane wave and the
grating modes. This interaction was verified by calculating
the light distribution in the metalMHCG, as illustrated in
Figure 4(b) for the two transmission minima indicated by
(1) and (2) in Figure 4(a). At these minima, light signifi-
cantly cumulates in the semiconductor stripes, which is a
fingerprint of leaky grating modes present in this configu-
ration [33] but absent at the wavelengths corresponding to
the maximum of transmission and to the experimental
limit of 10 um (Figure 4(b), (3) and (4)). The experimental
reflectance followed the theoretical trend, with the
increased reflection of shorter wavelengths. However, it is
shadowed by the increased absorption of GaSb in this
spectral range [40]. The experimental transmission spec-
trum for TE polarization (blue line) shows nearly total
elimination of light transmission. This behavior is also
in excellent agreement with the simulations (dark blue
lines) representing the spectra of metalMHCGs, assuming
possible nonidealities in the geometrical parameters as in
the case of TM transmission. Simulations show that when
the TE-polarized light interacts with the grating, it is
funneled by the grating stripes and reflected by the metal,
as Figure 2(d) illustrates. In the experiment, the ratio of TM
to TE transmission at A = 4.64 mm was 15 and increased to
21 at a wavelength of 10 mm.

Based on the geometrical parameters of the gold
stripes extracted from SEM images, sheet resistance can be
estimated using the formula:

pL

R = Hp(L-ay) M
where p is the electrical resistivity of the gold stripes.
To consider gold stripes of nanoscale cross-sectional
dimensions, it is necessary to take into account
conductivity-size effects that deteriorate the electrical
resistivity of bulk gold (2.2:10"® Qm)—as employed in [41].
For the geometrical parameters of the metal stripes used
in the experiment (L = 793 + 3 nm, H,, = 50 nm, and
a,, = 427 + 6 nm), this gives resistivity at the level of 5
1078 Qm and sheet resistance of 2.21 + 0.01 QSq . To verify
the numerical analysis, we performed experimental veri-
fication of the sheet resistance of metalMHCG. Using silver
conductive paste on both lateral borders of the met-
alMHCG that footprint is 100 x 100 um we performed
characterization of current flow along the metal stripes
that is detailed in Supplementary Materials S3. The
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measured resistance of the metalMHCG was at the level of
130 1078 Qm that enables sheet resistance of 26 QSq . The
level of resistivity that we determined corresponds well
to resistivities of the Au stripes of similar cross-section
dimensions reported in the past [42, 43]. A significantly
higher value of measured resistivity with respect to
theoretical resistivity of nano size Au wires is mainly
caused by grain boundaries impeding the electron
transport. Nevertheless measured metalMHCG sheet
resistance is 10 times lower than the sheet resistance of the
ITO layer enabling 90% transmission when implemented on
low refractive index glass or polymer [15, 44]. Perfection of
methods of Au nanowire deposition enabling higher
smoothness of the metal boundaries reduces their
resistivity to near-bulk level [45] of 2.26:10™° Qm [46] and
hence near 1 QSq ™" sheet resistance.

3 Conclusions

In conclusion, this paper presents the first experimental
demonstration of a monolithic high contrast grating inte-
grated with metal stripes, enabling maximum 90% trans-
mission of polarized light. The structure has a broadband
high transmittance range (75% < T < 90%), exceeding
Fresnel transmittance in the range from A = 4 to 10 pm,
limited by the capabilities of the experimental setup. The
high transmission of the metalMHCG configuration is
enabled by the creation of low-quality factor resonance in
the air gaps between the grating stripes and elimination of
light cumulation at the interface between the metal and
semiconductor stripes. Both effects strongly reduce light
absorption and reflection by the metal stripes, which is
evidenced by the reflection spectrum of the metalMHCG.
The metalMHCG reveals strong polarization selectivity and
sheet resistance at the level of 26 QSq~! that can be further
reduced to the level of a few QSq ™. All experimental results
presented in this paper are in excellent agreement with
theory, which predicts above 98% transmission for the
tested configuration. Such high transmission could be
achieved experimentally by perfecting the process of
grating fabrication. The reduction in light absorption pre-
dicted by the theory could enable radically low sheet
resistance of 0.1 QSq ! by the possible implementation in
the metalMHCG structure of very thick metal stripes [33].
At a more general level, this work opens up a new
avenue for optically transparent and electrically highly
conductive structures that can be monolithically integrated
with a multitude of materials used in optoelectronics,
particularly with high refractive index semiconductors,
enabling the elimination of Fresnel reflection. The
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metalMHCG facilitates light transmission in spectral ranges
from ultra-violet to infrared [33]. The metalMHCG not only
enables lateral transport of electrons but also can be used as
an electric contact for current injection into a semiconductor
since the metal can be implemented directly on a
semiconductor.
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