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ABSTRACT

We present an experimental approach toward the realization of GaAs nanowires in the form of square, hexagonal, and honeycomb lattices
for photonic integration toward enhanced optical properties. We have carried out a design and fabrication process on GaAs wafers using
electron beam lithography patterning, reactive ion etching for hard mask removal, and inductively coupled plasma etching of the material.
The resulting photonic crystals are analyzed by field emission scanning electron microscopy. Nanowire array designs in a square, hexagonal,
and honeycomb lattice with a variable height of nanowires have been studied. Using finite-difference time-domain simulation, we can derive
the comparative optical absorption properties of these nanowire arrays. A very high broadband absorbance of >94% over the 400 nm-1000 nm
wavelength range is studied for hexagonal and honeycomb arrays, while a square lattice array shows only a maximum of 85% absorption. We
report a minimum of 2% reflectance, or 98% optical absorbance, over 450 nm-700 nm and over a wide angle of 45° through hexagonal and
honeycomb lattice integration in GaAs. These results will have potential applications toward broadband optical absorption or light trapping
in solar energy harvesting.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0015404

. INTRODUCTION

Ordered and disordered nanowires are an active area of pho-
tonics research covering a wide range of semiconductor applica-
tions, such as solar cells, light-emitting diodes, lasers, and opti-
cal circuit components."’ Photonics-based bandgap tunability is
an important aspect of the integration of photonic designs to
semiconductor materials to enable unique optoelectronic proper-
ties.” Photonics integration has also played an advantageous role
in broadening the bandgap dependent narrowband operation of
semiconductors to utilize a broader solar spectrum.” In nanowires,
a large surface to volume ratio and reduction in refractive index
contrast between the semiconductor and air allows photonics-
based waveguiding and the confinement of modes within photonic
crystals.

For ordered 2D nanowires, there is mode confinement along
the XY plane and a free space propagation of selective confined
modes along the third direction.'’ In the case of disordered/random

nanowires, wavelength broadening takes place due to the over-
lap of an asymmetric bandgap.'’ Similarly, a photonic quasicrystal
shows a completely symmetric and omnidirectional bandgap in 2D
photonics.'" This type of quasiperiodic photonics integration has
been implemented in silicon photonics toward solar photovoltaics
by Xavier et al.'* Considering GaAs single-junction thin-film solar
cells, these have achieved a maximum solar conversion efficiency
of up to 28% so far.”” A photonic integration to GaAs would be
advantageous for efficiency enhancement through broad optical
absorption.

Nanowires based on semiconductors, specifically, GaAs, have
been widely studied for various optoelectronic applications such
as in light-emitting diodes,""'"" solar cells,”'" and photodetec-
tors."” In general, semiconductor nanowire structures with typi-
cally <200 nm diameter and one to a few micrometers of axial
length can allow electromagnetic wave localization along the XY
plane. These structures can be grown using various growth tech-
niques such as vapor-liquid-solid (VLS) growth by molecular
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beam epitaxy (MBE)”’ ** or by selective area metalorganic vapor
phase epitaxy (MOVPE).”>** Although these techniques are well-
established in semiconductor technology, the uniformity and one-
to-one lattice-site periodic growth of nanowires are very much
dependent upon the lattice orientation with respect to the substrate
crystal.

Moreover, the possibility of several photonic kinds of crys-
tal orientation on the same substrate is a challenge through these
techniques. A periodic patterning possibility would add versatility
to the semiconductor-photonic integration exploring wide appli-
cations. Nanoimprint lithography followed by MBE growth has
been used to obtain periodic growth of nanowires.”” However,
this technique needs a mold for which the design parameters are
fixed, and there is no indication that this technique can pro-
duce nanowires of sub-micron scale lattice pitch, which is needed
for visible spectrum applications. Period patterning down to sub-
micron scales is possible using laser interference lithography (IL).
This is a relatively simple, large area, low-cost and rapid fabrica-
tion approach;”* " however, it needs a lot of process optimiza-
tion based on the threshold of laser power as well as photoresist
thickness. To achieve more complex photonic structure patterning
requires a phase spatial light modulator-based phase-engineered IL
technique.”’

Therefore, in the current study, for showing the initial possi-
bilities of photonic integration to III-V semiconductor technology,
we have followed the electron beam lithography (EBL)-based design
and fabrication technique that allows us complete flexibility over
a single exposure.””” This periodic patterning scheme can further
be implemented in any semiconductor material to obtain periodic
nanowires based on specific lattice design parameters for suitable
applications.

=Y
-
=
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This study is aimed at the design and fabrication of interfaces
for enhanced photonic wave guidance and light trapping toward
absorption enhancement. The uniform density and design scalabil-
ity can be achieved through patterning a SiO, coated GaAs substrate
using electron-beam lithography followed by plasma etching tools.
In this work, we present different uniform photonic nanostruc-
turing schemes in GaAs for enabling broadband absorption from
the UV-NIR wavelength range. We present square lattice, hexago-
nal lattice, and honeycomb lattice-based photonic GaAs nanowire
designs, simulations, and fabrication approaches. Finite-difference
time-domain (FDTD) based simulation studies are carried out to
show the optical absorption properties of GaAs nanowires in pho-
tonic lattices and the advantages of different lattice arrangements
over the basic square lattice for enhanced light trapping possibilities.
Electron beam lithography and material processing through plasma
tools are presented to outline the possibilities for experimental
realization.

Il. FDTD SIMULATION

We have carried out FDTD-based simulation studies using
Lumerical solutions FDTD module on the optical properties of the
patterned GaAs nanowire arrays and compared the results of a
basic square lattice to those of the hexagonal and honeycomb lat-
tices to examine the preferred design of the GaAs nanowire arrays
for fabrication. We have simulated three different lattice design
models in FDTD, as shown in Figs. 1(a)-1(c). The diameter of
the nanowires (d) is 180 nm, the periodicity of a square lattice
is 400 nm, and the axial height (Z span) is varied as 500 nm-
2500 nm for maximization of optical absorbance. We use a plane

FIG. 1. FDTD simulation model: (a)
square lattice with periodicity a =400 nm,
(b) hexagonal lattice with periodicities
ax = 400 nm and a, = 346.41, (c)
honeycomb lattice with ax = 800 and
ay =692.81 nm. [(d) and (e)] Electric field
distribution in the YZ plane at two dif-
ferent wavelengths 727 nm and 567 nm
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showing light trapping due to photonic
crystal based wave-guiding.
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wave source with the broadband wavelength covering 400 nm-
1000 nm incident along the Z direction. Absorbance is calculated
as A =1 — (R + T). The electric field distributions through the
GaAs nanowire photonic crystal showing electromagnetic energy
trapping through photonic crystal-based waveguiding are presented
in Figs. 1(d) and 1(e) at two different wavelengths 727 nm and
567 nm. This image indicates that the electric field is localized
inside the air medium for higher wavelengths and is localized
inside the nanowires for lower wavelengths contributing to broad-
spectrum electromagnetic field absorption inside the GaAs/air
photonic crystal.

In the case of a square lattice, we observe 69% of opti-
cal absorbance over 400 nm-1000 nm for 500 nm height of the
nanowires and an 80% absorbance for a Z span of 1 ym of the
nanowires, which then increases to 85% in the case of a Z span of
2 um followed by 75% for 2.5 ym as shown in Fig. 2(a).

The absorbance is enhanced to 90%, 93%, and 95% for 500 nm,
1 pym, and 2 ym of Z spans, respectively, in the case of hexago-
nal lattice over a broad spectrum of 400 nm-1000 nm, as shown
in Fig. 2(b). This improvement is due to in-plane lattice sym-
metry in the hexagonal lattice in comparison to the square lat-
tice. Furthermore, we have extended such a study to include
a honeycomb lattice. The honeycomb lattice design shows the
maximum absorbance among all the periodic lattice arrange-
ments we have studied, with values of 90%, 94%, and 95% opti-
cal absorptions over 400 nm-1000 nm wavelength range for
500 nm, 1 pm, and 2 pm height of the nanowires, respectively,
as shown in Fig. 2(c). The GaAs nanowires in a honeycomb
lattice with 2 ym height show a maximum optical absorbance
of 95% and a total optical absorption power of 85% inside the

scitation.org/journal/adv

substrate through the nanophotonic scheme over the broad solar
spectrum.

We conclude that the hexagonal and honeycomb lattice designs
are much preferred over the square lattice-based designs for broad-
band absorption enhancement in GaAs uniform nanowire arrays for
solar cell applications. It is also inferred that although the nanowires
with a maximum Z span of 2 ym show improved absorbance, the
change in absorbance with respect to the Z span is not significant.
Therefore, for a low-cost fabrication approach that includes lesser
material, processing time, and fabrication feasibility, we propose the
design of hexagonal and honeycomb lattices with a Z span of 1 ym-2
um as the preferred design for solar cell applications.

lll. EXPERIMENT

We have fabricated square, hexagonal, and honeycomb lattice-
based GaAs nanowire arrays using the fabrication steps as presented
in Fig. 3. We have deposited a silicon dioxide (SiO,) hard mask of
300 nm-400 nm over the GaAs substrate using PECVD for 5 min.
The substrate is spun with an electron beam resist, which is then
exposed with designed patterns. The exposed sample is developed
and cleaned. The patterned substrate is etched with reactive ion
etching (RIE) for 19 min with CHF; flow to obtain the pattering
in SiOZ.

The residual resist is removed by placing the sample in the resist
remover solution for 5 min, and the sample is then oxygen plasma
treated for 5 min to remove residual organics and to obtain a clean
photonic crystal in SiO5/air. Subsequently, the sample is inductively
coupled plasma (ICP) etched in the presence of chlorine and argon
gas for 3 min-5 min to etch the GaAs through the hard mask. The
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— R 500 nm — 1-(R+T) 500 nm

400 500 600 700 800 900 1000
Wavelength (nm)

a Square b
1.0

2 1.0 —R 500 nm Ei

= 41— R 1000 nm = 0.8
- 0.8 \/ | —R 2000 nm E

»n < 006
2 0.6 — R 2500 nm

< 7 =5

3 't | — 1-(R+T) 500 nm S 0.4
= 0.4 |— 1-(R+T) 1000 nm E

8 | 1-(R+T) 2000 nm g 0.2
2 0.2 } 2

1~ < — 1-(R+T) 2500 nm )

g 0.0 =

0.0 S OSae—s
400 500 600 700 800 900 1000

R 1000 nm — 1-(R+T) 1000 nm
— R 2000 nm — 1-(R+T) 2000 nm
——R 2500 nm — 1-(R+T) 2500 nm

A-./\

o

Wavelength (nm)

c Honeycomb d

1.0 g 100

= 2 \./\'\A,_\\
£ 0.8 g 80

2 — R 500 nm — 1-(R+T) 500 nm g 601 — 2000 nm

= 0.61 R 1000 nm — 1-(R+T) 1000 nm 2

~  |— R 2000 nm — 1-(R+T) 2000 nm 5 ]

] 40

2 0.41__ R 2500 nm — 1-(R+T) 2500 nm 2

= =

5 0.2 ] 20

Rl

Z 0.0 = 0 :
z .

400 500 600 700 800 900 1000
Wavelength (nm)

400 500 600 700 800 900 1000

Wavelength (nm)

FIG. 2. FDTD simulation studied opti-
cal absorbance properties of the GaAs
nanowire array of variable height in the
case of (a) square lattice, (b) hexago-
nal lattice, and (c) honeycomb lattice. (d)
Calculated total optical power absorbed
(86%) due to the honeycomb lattice of
2000 nm height showing an absorbance
of 95% over the 400 nm-1000 nm broad
wavelength range.
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etched GaAs sample is further etched with HF to remove the SiO,
hard mask. The realized photonic structure in the GaAs is presented
in Figs. 4-6. A brief description of the experimental techniques is
presented in Sec. V.

A. Square lattice

We carried out electron beam lithography-based nanoscale pat-
terning and reactive ion etching on the samples as per the above
steps presented in Fig. 3 to obtain photonic crystals of a square,
hexagonal, and honeycomb lattice on GaAs/air. The surface anal-
ysis studies through scanning electron microscopy are presented
in Figs. 4-6. Figure 4 presents the square lattice patterns obtained

FIG. 3. Steps for experimental realiza-
tion of the photonic integrated GaAs
nanowire array through electron beam
lithography-based patterning, RIE, ICP,
and HF etching.

through electron beam lithography. As evidenced in Fig. 4(a), for a
designed diameter of 320 nm in the square lattice pattern, we could
verify from the surface morphology the existence of large area and
uniform square lattice photonic structures. The magnified images in
Figs. 4(b) and 4(c) show uniform square lattice patterns of ~278 nm
diameter present over 405 nm lattice spacing. We have carried out
ICP etching of the SiO, underlying GaAs samples for 3 min, and the
surface morphology of the etched samples is presented in Figs. 4(d)-
4(f). Figure 4(d) shows a cross-sectional SEM image view presenting
GaAs nanowires of 300 nm-400 nm height for a design diameter of
320 nm diameter. Furthermore, GaAs nanopillars of 240 nm diame-
ter are shown in Fig. 4(e). A higher dose electron beam exposure for
240 nm shows the anisotropic etching of the GaAs nanowires that

il

FIG. 4. SEM images of the experimentally observed square lattice (periodicity = 400 nm) on SiO, with the designed parameters of diameter 320 nm showing uniform
distribution {(a) large area view and [(b) and (c)] magnified view}. GaAs nanowires after ICP etching of 3 min: (d) cross-sectional views of the SEM images for the diameter
of 320 nm showing pillars of height approximately 300 nm-400 nm and [(e) and (f)] for the diameter of 240 nm for higher exposure doses of the electron beam where the
encircled region shows non-uniform etching in higher doses leading to tapered nanowires.

AIP Advances 10, 105211 (2020); doi: 10.1063/5.0015404
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FIG. 5. SEM images of the experimen-
tally observed hexagonal lattice [period-
icity (ax) = 400 nm, ay = 343.41 nm]
with the designed parameters of diam-
eter 240 nm showing uniform distribu-
tion [(a) large area image and (b) mag-
nified image]. (c) Cross-sectional views
of the SEM images for a diameter of
240 nm and (d) magnified image in a
cross-sectional view.

FIG. 6. SEM images of the experi-
mentally observed honeycomb lattice on
SiO, [periodicity (ax) = 800 nm, ay =
692.82 nm] with the designed parame-
ters of diameter 180 nm showing uniform

BAITH

are tapered in some regions as encircled of comparatively thinner
diameter nanowires in the rest of the regions, as shown in Fig. 4(f).
This is a result of anisotropic etching in several doses of the elec-
tron beam exposure depending upon the diameter of the designs and
etching rate.”’

B. Hexagonal lattice

In the case of hexagonal nanowires, we used design diame-
ters of 180 nm and 240 nm. The results show good uniformity
for a periodicity of 240 nm as observed from Fig. 5(a) over a

distribution [(a) large area image and
(b) magnified view]. (c) Cross-sectional
views of the SEM images for a diame-
ter of 180 nm and (d) top-surface view of
the 3 min ICP etched samples showing
GaAs nanopillars of height ~500 to 556.

relatively large area. The magnified and 20° tilted views of
the SEM images show hexagonally arranged periodic lattices of
approximate height 116 nm, as presented in Fig. 5(b). Further-
more, we have ICP etched the samples for 3 min. The SEM
images of the ICP etched samples are shown in Figs. 5(c)
and 5(d).

C. Honeycomb lattice

In the case of the realized honeycomb lattice, we could observe
uniformly distributed nanopillars for d = 180 nm in SiO,, as shown

AIP Advances 10, 105211 (2020); doi: 10.1063/5.0015404
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FIG. 7. SEM images of random GaAs
patterns obtained after ICP etching in the
case of (a) square lattice with diameter
180 nm, (b) hexagonal lattice with diame-
ter 180 nm, (c) magnified view of the ran-

in Figs. 6(a) and 6(b) through the low and high magnification SEM
images. As observed from the cross-sectional view of the SEM image
in Fig. 6(c), we see honeycomb patterns of height approximately
350 nm in the SiO, hard mask. Upon ICP etching of the underly-
ing GaAs, followed by hard mask removal through HF, we could
obtain GaAs nanopillars of ~500 nm to 560 nm height, as shown in
Fig. 6(d).

D. Aperiodic lattice/random pattern

We experimentally observe random patterns for a square lattice
designed with 180 nm diameter through EBL as shown in Fig. 7(a)
due to a higher etching rate through the space between the lattice
period and the patterned region. Similarly, we also obtain random
patterns in the case of hexagonal lattice after ICP etching, as shown
in Figs. 7(b) and 7(c). However, it is reverse phenomena in the case
of honeycomb lattice. In the case of honeycomb lattice, we obtain
uniformity in the case of diameter 180 nm and we obtain random
patterns for a higher diameter of 240 nm, as shown in Fig. 7(d).
However, in the case of aperiodic honeycomb lattice, the density of

b

0)

1Y)
.
=

dom pattern from the hexagonal lattice,
and (d) honeycomb lattice with diameter
240 nm showing denser and near uni-
form anisotropic nanowires compared to
square and hexagonal lattices.

the patterning region is high and we obtain anisotropic nanowires of
more than 1 ym height, whereas for square and hexagonal lattices,
the random patterns are limited to ~100 nm height.

IV. OPTICAL CHARACTERIZATION

We measured reflectance (R) of our samples to observe opti-
cal absorbance (A =1 — R, T = 0 due to the thick GaAs substrate)
for enhanced light trapping through photonic integration in GaAs.
We present our results captured within the 450 nm-700 nm visi-
ble wavelength range in Figs. 8(a) and 8(b). We have used a 50x
microscope objective with 0.7 NA to collect reflection and illumi-
nate our samples over a wide angle of 45° that is integrated to a
CCD array detector and spectrometer as presented in Ref. 37. We
observed 31% reflectance or 79% absorbance from the bare GaAs
substrate within 450 nm-700 nm, whereas the surface reflectance
reduced drastically for photonic integrated GaAs nanowires. As evi-
denced from Fig. 8, a square lattice with 240 nm diameter presents
6.6% of reflectance (R) and 93.7% optical absorbance (1 — R);

— GaAs substrate

— Square lattice
Hexagonal lattice

— Honeycomb lattice

=1-R, T

— Random pattern

Reflectance

— GaAs substrate

— Square lattice

0.4 Hexagnal lattice
— Honeycomb lattice
— Random pattern

FIG. 8. Optical characterization of the
fabricated photonic samples with a
square lattice of 240 nm diameter, a
hexagonal lattice of 240 nm diameter, a
honeycomb lattice of 180 nm diameter,
and random patterns obtained out of a
hexagonal lattice of 180 nm diameter. (a)
Reflectance (R) and (b) absorbance (A),

Absorbance (A
[—
[}

O. R e — — | ,
450 500 550 600 650 700 0'250 500

Wavelength (nm)

550 600 650 700
Wavelength (nm)

where T is assumed to be zero due to the
thick GaAs substrate.
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a hexagonal lattice with 240 nm diameter shows 2.2% reflectance
and 97.8% optical absorbance; and a honeycomb lattice with 180 nm
diameter shows 2% reflectance or 98% optical absorbance from
450 nm to 700 nm. In the case of random lattice [Figs. 7(b) and 7(¢)],
we observe 9% reflectance or 91% absorbance. Therefore, we pro-
pose that hexagonal and honeycomb lattices are a better photonic
integration scheme compared to square lattice and random pat-
terns toward broadband and wide angle antireflection or absorption
applicable in solar energy harvesting.

V. METHODS

A. Uniform photonic nanostructuring of variable
lattices through electron beam lithography

We carried out photonic nanostructuring in GaAs through the
hard mask and negative resist using variable dose-based electron
beam lithography followed by plasma etching tools such as RIE and
ICP. Square lattice, hexagonal lattice, and honeycomb lattice arrays
with a range of design parameters and dose variations were designed
using proprietary Raith GmbH pattern editing software. The design
contains periodic square arrays of varying diameter from 180 nm
to 360 nm within an overall periodicity of 300 nm or 400 nm. A
clean GaAs substrate is coated with 300 nm-400 nm of SiO; for
5 min using plasma enhanced chemical vapor deposition (PECVD).
The SiO,/GaAs substrate was spin-coated with a 200 nm thick film
of the negative electron beam resist AR-N-7520 and post-baked at
100 °C for 1 min to remove the liquid residues. The pattern was
exposed with a Raith Voyager electron beam writer at an accelera-
tion voltage of 50 kV and a beam current of ~213 pA for an exposure
dose of 40 C/cm?. The exposed samples were then developed in AR
300-46 solvent for 1 min, followed by rinsing in iso-propyl alcohol
(IPA). The developed pattern in the negative resist shows pillars of
variable diameters and features depending upon doses and design
parameters and type of lattice.

The reverse PR patterned SiO,/GaAs substrate was etched
using reactive ion etching for 19 min with CHF;—40 SCCM at
a pressure of 26 mTorr, RF power—80 W. The residual resist is
then removed from the substrate using the Microposit 1165 resist
remover followed by cleaning with acetone and IPA. Finally, the
sample is cleaned with oxygen plasma for 5 min. We obtain vari-
able features of the patterned SiO,/GaAs depending upon the etch
rate and design parameters. We perform 3 min-5 min ICP etching
of the SiO; patterned to etch the underlying GaAs through the hard
mask followed by HF etching of the hard mask to observe the under-
lying GaAs nanopatterning. The etching parameters were as fol-
lows: chlorine (Cl,)—20 SCCM, argon (Ar)—10 SCCM, RF power—
200 W, ICP power—300 W, and pressure—2.5 mTorr. The surface
morphology of the realized photonic integrated patterns on SiO,
and GaAs is studied using Raith field emission scanning electron
microscopy (FESEM).

VI. CONCLUSION

We have presented a study including design and experiment
on several photonic nanostructuring possibilities for photonic crys-
tal integration over GaAs substrates such as square lattice, hexag-
onal lattice, and honeycomb lattice patterns through hard mask
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deposition, EBL patterning, RIE, and ICP etching. We could obtain
periodic and uniform GaAs nanowires of diameter ~200 nm to
300 nm and a height of ~300 nm to 560 nm through our experiment.
To present applications of the fabricated nanowires, we have car-
ried out an FDTD-based simulation study on the optical properties
such as electric field distribution, optical absorbance, and total opti-
cal absorbed power for square, hexagonal, and honeycomb lattice
arrangements considering different design parameters. It is exper-
imentally observed that hexagonal and honeycomb types of lattices
show better absorbance properties, up to 98% over a broad (450 nm-
700 nm) wavelength range. This study is aimed at obtaining uniform
periodic GaAs nanowire photonic crystals or a template for uniform
periodic growth of single GaAs nanowires per site with the help of
surface patterning. The future application of such photonic crys-
tals is that they can be used as a broadband absorber for efficiency
improvement in solar cells.
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