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ABSTRACT: This paper introduces reverse patterning lithog-
raphy (RPL), which combines microcontact printing (UCP) of a
custom-designed fluorinated adsorbate on gallium arsenide (GaAs)
and the deposition of a polymeric resin as a wet-etching resist.
Positive patterns were formed on GaAs wafers having various
designed shapes and sharp edges ata lateral resolution 0of 100.0 ym
and a depth of up to 3.0 ym. The RPL method benefits from being
cost-effective and time-efficient compared to conventional photo-
lithography and has the potential for use in the fabrication of
various GaAsdevices, including solar cells, light-emitting diodes,

and microwave and radio frequency transistors.

allium arsenide (GaAs) is an important [I[I-V compound
used in applications that require precise and/or

demanding properties, such as photovoltaics (PVs) and
microwave and radio frequency (RF) transistors. Although
more costly than other semiconductors (e.g., silicon), GaAs
exhibits low resistance, low off capacitance, high linearity at
high frequencies, high electron mobility, and a direct
bandgap."? The high electron mobility allows GaAs transistors
to function atmuch higher frequencies than Si-based devices in
RF applications.’ Moreover, GaAs offers outstanding photo-
voltaic performance due to its direct bandgap.* For example,
compared to Si-based materials, GaAs-based photovoltaic solar
cells have been found to exhibit record-breaking conversion
efficiencies, such as ~29% for single-junction cells.” In RF
applications, higher electron mobility allows GaAs amplifiers to
function at much higher frequencies than Si-based devices.®
Moreover, because of the widespread use of 4G networks and
the current deployment of 5G, power amplifier modules in cell
phones have also began to implement GaAs as the semi-
conductor of choice.” However, processing GaAs substrates to
fabricate devices is difficult as well as costly and requires
numerous lithographic steps.®’

Conventional methods used for the fabrication of micro-
electronic devices include photolithography,'’ thermal nano-
imprint lithography (T-NIL),'"' and UV-based nanoimprint
lithography (UV-NIL).!> The former method requires an
expensive photoresist and photomask aligner. Conversely, the
latter two methods require plasma treatment or reactive ion
etching to remove the residual layer of the polymer resist used
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prior to the imprinting step.!? In an effort to simplify the
fabrication of GaAs-based devices, we have developed a cost-
efficient method in which the combination of a microcontact
printed (UCP) self-assembled monolayer (SAM) and a
polymeric resin as a wet-etching resist was used to micro-
structure GaAs substrates. The new method, hereafter termed
“reverse patterning lithography” (RPL; Scheme 1), takes
advantage of the ability of the sulfur of n-alkanethiols to
bind to GaAs surfaces to form nanoscale monolayer coatings
that are poorly wettable and can be tuned to be
antiadhesive.!*!3

Extensive research conducted by the Lee group on SAMs
generated on Au surfaces has shown enhanced thermal and
chemical stability for films generated from bidentate

adsorbates, when compared to the monodentate counterparts,
due to the “chelate effect”.'®”" Furthermore, fluormated
materials, such as fluoropolymers and SAMs, have been shown

to exhibit low surface energies, inertness, and high hydro-
phobicity as well as oleophobicity compared to their
hydrocarbon counterparts.'” To leverage the enhanced stability
of the bidentate headgroup and the hydrophobic and
oleophobic nature of fluorocarbons, we designed and
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Scheme 1. Illustration of Reverse Patterning Lithography for Microstructuring GaAs Substrates
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synthesized the fluorinated adsorbate, (5-
(9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-heptadeca-

fluorohexadecyloxy)-1,3-phenylene)dimethanethiol (PFPDT),
shown in Scheme 2, for use as an ink for patterning via

Scheme 2. Illustration of Bidentate Fluorinated (5-
9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-
Heptadecafluorohexadecyloxy)-1,3-
phenylene)dimethanethiol (PFPDT) for uCP of GaAs
Substrates

Patterned PFPDT SAM Area

Bare GaAs surface

microcontact printing (MCP).2° The uCP process generates a
hydrophobic and oleophobic thin film on selective areas of the
GaAs substrate, which leads to microstructuring of GaAs in the
RPL process (see Scheme 2).

As noted above, Scheme 1 illustrates the overall RPL
method, where microstructuring of GaAs single crystal
substrates can be achieved in six steps. The first step in the
RPL method involves removal of the native oxide layer atop
the GaAs(100) wafer via submersion in ammonia solution
(15% w/w) for 5 min followed by submersion into an HCI
solution (15% w/w) for an additional 5 min with a water-
rinsing step prior to introduction of the substrate into the HCI
solution. Afterremoval ofthe oxide layer, the fluorinated SAM
was printed onto the freshly cleaned GaAs surface by using a
PDMS stamp for 60 s (step 2, Scheme 1). The PDMS stamp
was saturated with a 1 mM PFPDT solution in EtOH followed
by drying the stamp with a flow of nitrogen. After formation of
the hydrophobic pattern, the patterned GaAs surface was
dipped into a resin solution made of 10% w/w phenolic resin
in methoxypropyl acetate and then pulled out immediately to
form a “reverse” resin pattern (step 3, Scheme 1). Note that

171

the resin only covers the bare hydrophilic GaAs area, whereas
the hydrophobic PFPDT SAM-covered areas remain uncoated.
The GaAs sample was then annealed at 120 °C for 5 min to
form a hard resin pattern with a thickness of ~0.20 um at the
center (step 4, Scheme 1). After annealing, the GaAs sample
was placed into an etching solution (H>O:H>0,:H,SO4 =
280:8:1 volume) for 10 min to form the designed pattern (step
5, Scheme 1). The final step of the process involves the
removal of the resin by washing the GaAs substrate with
acetone.

Analysis of PFPDT SAM Composition on GaAs Using
XPS. To confirm the presence of the monolayer, the GaAs
substrates were subjected to elemental analysis using X-ray
photoelectron spectroscopy (XPS). Figure 1 shows the XPS
spectra of the Ga 3d, As 3d, C 1s, F 1s, S 2p, and O 1s binding
regions of the bare GaAs and PFPDT-printed GaAs after 30
min of ambient exposure, and Table 1 lists the assigned peaks
along with their binding energies; peak assignments were based
on examples found in the literature.>! 2" The Ga 3d binding
energy region of both substrates exhibits a peak at 19.3 eV
(Figure 1A). Because of a spin—orbit splitting of only 0.43 eV,
the Ga 3ds» and Ga 3ds); peaks are indistinct and appear as a
single peak. Furthermore, the bare GaAs (stored in ambient
conditions) produces a native oxide layer, Ga,Os, which
appears as a shoulder at 20.6 eV, overlapping with the GaAs
peak. While acknowledging that the sensitivity to Ga and As
oxides s typically low using laboratory X-ray sources, we note
that the PFPDT-printed GaAs sample (blue line plotted in
Figure 1 A) fails to exhibita shoulder associated with the oxide,
suggesting not only the removal of the oxide layer upon
treatment with PFPDT but also protection from oxidation of
the surface under the limits of detection for at least 30 min of
ambient exposure.’®

Similarly, the As 3d binding ener‘gy region (Fifgure 1Bf)
produced a single peak due to the small spin—orbit splitting o
0.69 eV forthe As 3d3» and As 3ds, peaks at41.1eV. Wealso

note the presence of arsenic oxides, As»O; and As;Os,
corresponding to the peak at ~43.0 eV; in contrast, in the
spectrum of the PFPDT-printed surface there is no oxide peak

(blue line plotted in Figure 1B). As noted for the Ga 3d
spectra, the As 3d spectra of the PFPDT SAM protects the
GaAs surface from oxidation for at least 30 min under ambient
conditions. The presence of the oxides is also apparent in the
O Is spectrum of the bare GaAs surface (Figure 1C), with a
sharppeakat531.9 eV, while amarkedly less pronounced peak
is weakly noticeable in the PFPDT-printed surface. Note that
the peak at 532.7 eV in the spectrum of the PFPDT-printed
surface arises from the oxygen atom connected to the phenyl
ring. As for the F 1s region (Figure 1D), only the PFPDT-
printed surface produces a prominent peak at 688.9 eV due to

https://dx.doi.org/10.1021/acsaelm.0c00876
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Figure 1. XPS spectra of the (A) Ga 3d, (B) As 3d, (C) O 1s, (D) F 1s, (E) C 1s, and (F) S 2p binding regions of the bare GaAs and PFPDT-
printed GaAs(100) surface. The red dashed lines represent deconvoluted peaks. The GaAs surface was exposed to ambient conditions for 30 min.
The XPS instrument was equipped with an Al Ka X-ray source (Av = 1486.7 ¢V) and takeoff angle from the surface fixed at 45°.

Table 1. Peak Assignment and Binding Energies (eV) from
XPS Spectra of the Bare GaAs and PFPDT-Printed
GaAs(100) Surfaces

binding energy (eV)

binding bare PFPDT
region assignment GaAs SAM reference”
Ga 3d gallium oxides 20.6 >19.8

Ga 3ds, (GaAs) 19.3 19.3 19.2 + 0.04
As 3d arsenic oxides >43.0 >43.0

As 3ds/; (GaAs) 41.1 41.1 41.1 £0.04
Cls carbon contaminant 284.8 284.8

CF; 293.4

CF, 291.4

CH, 284.5
Fls F in PFPDT 688.9
S2p Ga 3s 160.0 160.0 160.0 £0.07

S 2pin 163.4

S 2p3p 162.3 162.4 0.1
Ols GaAs oxides 531.9 532.0 £0.04

O in PFPDT 532.7

“The listed values were obtained fromrefs 21-27.

the fluorocarbons on the adsorbate, which are absent on the
bare GaAs surface. In Figure 1E, there is a small peak from
ambient hydrocarbon contamination in the C 1s region for the
bare GaAs at 284.8 eV that is not present in the PFPDT-
printed surface.”® On the other hand, the three peaks in the
spectrum of the PFPDT-printed surface can be attributed to
the PFPDT adsorbate on the surface; specifically, the peaks at
293.4, 291.4, and 284.5 eV are attributed to the CF;, CFa,
CH>,and carbonsofthe phenylring, respectively.'® Finally, the
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spectrain the S 2p region in Figure 1F wasused to evaluate the
binding of the thiol headgroup on the GaAs surface. The
overlapping Ga 3s peak at 160.0 eV?’ complicates the
evaluation of the binding; however, peak deconvolution (red

line in Figure 1F) reveals a doublet that can be attributed to S
ZEUZ (~163.4 eV) and S 2p3»n (~162.3 eV), which are
characteristic of a bound thiolate on GaAs.!'***

Ellipsometric Thickness and Contact Angle Measure-
ments. To confirm the formation of the monolayer and
evaluate its interfacial properties, we characterized the GaAs
substrate by ellipsometry before and after removal of the oxide
layer as well as after printing with the PFPDT SAM. As shown
by the ellipsometry data in Table 2, the PFPDT adsorbate
produces a SAM that is 14 A thick, even with a short
deposition time of 1 min. Although the monolayer is thinner
than the corresponding SAM on Au (24 A) after 48 h of
incubation,’’ the monolayer on GaAs produces a hydrophobic
and oleophobic film (see Table 2 and Figure S1). To
demonstrate the interfacial properties of the JCP-SAM, we

Table 2. Ellipsometric Thickness of the PFPDT SAM,

Advancing Contact Angles of Water and Diiodomethane on

theInvestigated Surfaces, and Surface Energies of the
Investigated Surfaces

SAM water CHbl, surface energy
surface thickness (A) (8,, deg) (8., deg) (mJ/m?)
GaAs with 76 £2 452 40+ 1
oxide
GaAswithout 392 27+2 63+ 1
oxide
PFPDT SAM 14+ 1 116 £2 80 +2 18+ 1

https://dx.doi.org/10.1021/acsaelm.0c00876
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Figure 2. Cross-section profiles for mesa with a diameter = 250.0 pm atop GaAs with corresponding microscope images (A, (D) before etching, (B,

E) after etching, and (C, F) after etching and resin removal.

Length = 250.0 pm

Length = 250.0 pm

Figure 3. Microscope images of (A) mesas with a diameter of 100 uym and (B) microstructures on GaAs of different sizes and shapes.

measured advancing contact angles using water and diiodo-
methane, and the surface energies were calculated by using the
Owens-Wendt method (see Table 2).%

The contact angle data in Table 2 show that the bare GaAs
surface with and without the oxide layer are hydrophilic, with
water contact angles of 76° and 39°, respectively, in contrast
with the PFPDT-printed substrate (water contact angle of
116°). A similar trend was observed with regard to
oleophobicity with diiodomethane as the contacting liquid,
which gave contact angles of 45°, 63°, and 80° for the GaAs
with oxide, without oxide, and PFPDT-printed substrate,
respectively.

Moreover, the GaAs(100) surface with a native oxide layer
exhibited a surface energy of 40 mJ/m?, which increased by
more than 50% (to 63 mJ/m?) after etching of the oxide layer.
In contrast, printing of PFPDT on the GaAs surface lowered

the surface energy to 18 mJ/m?, which is comparable to that of
PTFE (18-19 mJ/m?).!* The drastically different surface
energies of the PFPDT-printed and bare GaAs substrate

(without the oxide layer) are the driving force for the
spontaneous dewetting of the PFPDT-printed areas in our
method. Importantly, analogous efforts to apply the reverse
patterning process using commercially available monodentate
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thiols, such as octadecanethiol or 1H,1H,2H,2 H-perfluoro-1-
hexanethiol, failed to produce resin-resistant SAMs using the
same stamping time (60 s) as the bidentate PFPDT adsorbate,
which led to an incomplete pattern transfer in the former cases.
We also note that dewetting is also a function of the surface
tension and adhesive behavior of the phenolic resin on the
GaAs surface. We found that a 10% w/w phenolic resin in
methoxypropyl acetate in combination with the PFPDT-
printed SAM exhibited the best results for creating clear
patterns on GaAs by dip coating (vide infra).

Analysis of the Lithography Results. After printing the
SAM onto the GaAs surface, deposition of the resin, and
subsequent annealing at 120 °C for 5 min, the solvent in the
resin solution evaporated to give a hard resin pattern. Figure 2
shows cross-section profiles and microscope images of the
PFPDT-printed GaAs surface after steps 4-6 ot the RPL
process using a mesa with a diameter of 250.0 ym as a
representative example. The cross-section profile shown in
Figure 2A depicts a mesa with a thickness 0f0.20+ 0.05 ym in
the center. The edges exhibited a greater thickness (additional
0.80 £ 0.05 ym) compared to the center region due to a
coffee-ring effect (Figure 2D) arising from the stamping
method.?” Regardless of the disparate resin deposition, Figure

https://dx.doi.org/10.1021/acsaelm.0c00876
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2B shows that sharp-edges are obtained after etching with the
resin remaining unchanged at the top (Figure 2E).
Furthermore, after removal of the resin in the final step, the
mesaonthe GaAssubstrate exhibited clear edges with minimal
defects, as shown in Figures 2C and 2F.

The mesas can reach a thickness of 3.0 ym in 10 min,
depending on the morphology of the GaAs material and wet
etching time. The above results indicate that the phenolic resin
acts as a wet-etching resist that is stable in etching solution
(i.e., dilute hydrogen peroxide/sulfuric acid) and protects the
GaAs surface underneath. The SAM-coated area, on the other
hand, is etched because of the oxidizable sulfur groups bound
to the GaAs surface. Here, we note a similar etching speed for
the SAM-printed GaAsareasasthebare GaAs, whichindicates
that the SAM layer decomposes within 1 min in the etching
solution. However, we note that longer etching times in efforts
to obtain mesas thicker than 3.0 ym lead to deformed edges
due to the thinness of the resin as well as the isotropic etching
effect of the etching solution.

To determine the resolution of the RPL method, we reduced
the diameter of the mesa. As shown in Figure 3A, mesas in
total with diameters of 100.0 ym were obtained on GaAs with
minimal defects following the RPL method. Attempts to
decrease the diameter of the mesa further led to incomplete
mesas, limiting the RPL method to structures with diameters of
100.0 pm. In addition to obtaining mesas with a minimum

diameter of 100.0 ym, the RPL method can also be used for
thelarge-scaleproduction of mesas on GaAs; ~400mesas were
obtained per stamp. To evaluate the versatility of the RPL

method, we produced stamps with various shapes and sizes.
Figure 3B shows the generated structures with sharp edges
ranging in size from 200 to 1500 pym.

In summary, we developed a new microstructuring method
for GaAs substrates, reverse patterning lithography (RPL), as
an alternative to conventional photolithography. Ellipsometric
data and contact angle measurements of the PFPDT-printed
GaAs surfaces show a 14 A thick hydrophobic and oleophobic
SAM, which significantly decreased the surface energy of the
original oxide-free GaAs surface. Analysis of the printed SAM
by XPS showed that the PFPDT adsorbate binds chemically to
the GaAs surface and prevents its facile reoxidation. Studies
using the RPL patterning method illustrated positive pattern
formation on GaAs wafers using various designed shapes. The
patterns obtained by the RPL method can reach a diameter of
100.0 ym with a depth of up to 3.0 pm thick by wet etching.
These results not only validate the feasibility of the RPL
method for the formation of microstructures on GaAs
substrates but also provide a new paradigm for micro-
structuring GaAs substrates that warrants further investigation
for the large-scale manufacturing of GaAs-based devices, with
particular relevance for transistors and solar cells.
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