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Electrodeless PEC etching was successfully demonstrated using a H3POs-based solution
containing S>Os?~ ions. The pH value of the solution changed under UVC illumination,
clearly showing that SO4~ radicals were produced from S;Os? ions by absorbing UVC light.
The production rate of SO~ radicals kept a constant value in the wide pH range of the
solution, leading to etching rates and surface roughness comparable with those obtained in
KOH-based solutions. The positive-type photoresist was applicable as the etching mask for
the H3POs-based solution. This finding will contribute to a simple wet etching process
suitable for the manufacturing of GaN-based devices.

Gallium Nitride (GaN) and related nitride semiconductors have been intensively studied
for application to various optical and electronic devices such as light-emitting diodes 12,
UV lasers 3 4, and high-frequency, high-power electronic devices 57. In terms of the device
fabrication process, etching is one of the most important factors affecting the device
performance, namely, stability, reliability, and in-plane uniformity of device operation. For
GaN-based devices, plasma-assisted dry etching, such as an inductive-coupled-plasma
reactive-ion etching (ICP-RIE), has been commonly used because the alternative, wet
chemical etching, is fairly difficult due to very strong chemical-bonding between nitrogen
and III-group atoms 8. However, there is serious problem in using a high-energy reaction
in this way in that etching damage (such as nitrogen-vacancy defects and disordered
atomic-bond arrangements) is induced on the surface 9 10, leading to degraded
performance of the device 11,12,

Photo-assisted electrochemical (PEC) etching has been attracting attention as an easily
controllable wet process in which the etching is conducted by supplying electric power to
induce the anodic oxidation and its dissolution in the electrolyte 31, Compared with dry-
etching, PEC etching uses very little energy due to the nature of chemical reactions. Various
applications of PEC etching have been reported for nitride semiconductors, including the
removal of a surface damage layer 2” and the formation of a deep trench structure 2", mesa-
structure GaN p-n junction diodes ??, and recessed-gate structure on AIGaN/GaN high-
electron mobility transistors (HEMTs) 2329

Recently, simple electrodeless PEC etching or photo-assisted chemical etching utilizing
a S»0s? ion-containing solution has been reported 2639, The S>,Os?~ ion absorbs the UVC
light with a wavelength A below 310 nm and produces two sulfate radicals (2SO47) 3% 37,
Since the SO4~ radical, which is a strongly oxidizing agent, functions as a cathode electrode
in the PEC system 3% 32), a wired connection with electrochemical equipment is no longer
necessary. Furthermore, our group has reported that the complicated electrochemical
parameters can be translated into simple engineering parameters by optimizing the
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arrangement of the UV light source.

In this study, we aimed to further simplify the electrodeless PEC etching process for the
fabrication of GaN-based devices. In all previous reports (including our own), the etching
has been conducted using a potassium hydroxide (KOH)-based solution. Therefore, a two-
step patterning process was necessary for the fabrication of the etching mask, which was
made of Ti or SiO» films, since the positive-type photoresist film could not be directly used
as an etching mask due to its poor tolerance to alkaline solution. In this study, we utilize a
phosphoric acid (H3POs)-based solution with a weak acidity for the electrodeless PEC
etching system. The basic properties of the pH change under UVC illumination were
evaluated for a H3POs-based solution containing S>Os?~ ions through comparison with a
KOH-based solution. Then, we successfully demonstrated the electrodeless PEC etching on
an n-type GaN surface patterned with a positive-type photoresist mask.

The schematics of the experimental setup and sample used for the electrodeless PEC
etching under UVC illumination are shown in Fig. 1(a) and (b), respectively. Etching was
conducted by dipping the sample into a 1:1 mixture containing 0.01 mol/L H3PO4 and 0.05
mol/L K»S>0s aqueous solution under illumination of UVC light. In some experiments, a
KOH-based solution, namely, a 1:1 mixture containing 0.01 mol/L KOH and 0.05 mol/L
K>S,05 aqueous solution, was used for comparison. In this study, the solutions were not
stirred during the etching. As a light source, we used an SK-BUVC-0860 (Shikoh Tech LLC),
which is a deep-UV flexible surface light with a luminous array film having a center
wavelength A of 260 nm and a full width at half maximum (FWHM) of 55 nm. The working
distance from the light source to the sample surface was 40 mm, where the light power
density of 4 mW/cm? was obtained in the atmosphere. The total amount of photons reaching
the GaN surface strongly depended on the distance from the liquid surface, since the UVC
light was absorbed in a solution containing K>S>Os. In this study, the optical-path length in
a solution was set to 5 mm, which is the same value as our previous study 3.

We used n-type GaN epitaxial layers grown by metal organic vapor phase epitaxy
(MOVPE) on free-standing GaN (0001) substrates produced by a void-assisted separation
(VAS) method 3% 39, The carrier concentration, thickness, and threading dislocation density
(TDD) of the n-type GaN layers were 5 x 10'® cm™, 3 um, and 3 x 10° cm™, respectively.
The sample size was 7 x 7 mm?, which is much smaller than the illumination area of 80 x
60 mm?. In this study, a positive-type photoresist film was utilized as an etching mask formed
on the n-GaN surface, as shown in Fig. 1(b). A Megaposit™ SPR6810 was spin-coated at
500 rpm for 3 sec and 5000 rpm for 30 sec to obtain a 950-nm-thick film on the n-GaN
surface. After a photo-lithography process, the patterned sample was hard-baked in an oven
at 110°C for 10 min.

The pH value of the solution was measured using a multi pH-meter, PC700 (Eutech
Instruments). Etching depth and morphology were evaluated using a surface profiler with a
DEKTAK-150 (Bruker) and an atomic force microscope (AFM) with an L-trace II (Hitachi
High-Tech Science Corporation).

The S>0s?" ion absorbs the UV light with 4 <310 nm and produces two 2S04~ radicals 3%
37, The SO4~ radical is known as a strong oxidizing agent having a larger redox potential in
a negative direction than that of hydrogen peroxide (H,0) 4. The SO4~ radical oxidizes the
substance around itself and changes to the reduced form, sulfate ion (SO4>"), as SOs~ + &~
— SO4>". Here, the photo-assisted chemical reaction of GaN in the present redox system is
represented as

GaN + photo carriers (3h* + 3e™) + 350, — Ga®* + 35S0, + %Nz, (1)
where the description of intermediate products (such as Ga,0s) is omitted for simplification.
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As described in reaction (1), the photo-generated holes are used for the oxidation of the GaN
surface, whereas the photo-generated electrons are consumed by the SO4~ radical. The SO4~
radical functions as a cathode in this reaction; that is, the outer cathode electrode is not
necessary to perform the etching of GaN. Therefore, in this system, the production rate of
S04~ radicals from S>Os* ions under UVC illumination is a key parameter to determine the
etching rate of GaN.

Alternatively, the following reaction will occur by consuming the SO, radical:

S0, +3H,0 > S0,>” + H* +30,. 2)

Reaction (2) is a dominant reaction in this study, since the liquid surface irradiated with the
UVC light is much larger than the reaction area on the GaN surface. Therefore, the pH
variation measured over time gives us the information on the production rate of SO4~
radicals under UVC illumination.

Figure 2 compares the pH values of two kinds of K2S>Og containing solutions, where all
data were obtained for every five minutes the UVC light was irradiated to the liquid surface.
In the case of the KOH-based solution, the initial pH value was 11.79 in an alkali region,
which was the result of mixing the strong alkali, KOH, and the weak acid, K»S,0s. As the
illumination time increased, the pH value decreased and reached an acid region at 45 min.
The final pH value after 120 min of illumination was 1.96. In contrast, the initial pH value
of the H3POs—based solution started in an acid region. As the illumination time increased,
the pH value gradually decreased from 2.37 to 1.79 after 120 min. These changes of pH
values were observed only under illumination of UVC light; they were not observed under
illumination of UVA light with 4 =360 nm.

As described in reaction (2), the SO4~ radical reacts with a water molecule and produces
a H" ion. Therefore, the pH change, observed in the KOH-based solution, can be explained
by the neutralization reaction with H* ions produced by consuming the SO4~ radicals. The
pH value before and after the neutralization point is described as a function of the production
rate of the H ion x = d[H"]/d¢ and the illumination time ¢ by

1.0x1014
pH = —logy, ([OHT?) forpH>7 (3a)
and pH = —logo(x - (t —t,)) for pH <7, (3b)

where ¢, is the time it takes for the reaction to reach the neutralization point with pH = 7.0.

In the case of the KOH-based solution, the initial concentration of OH™ ions, [OH];, was
6.17 x 1073 mol/L, which was estimated from the pH value of 11.79 at # = 0 min. The #, of
40 min was obtained by drawing additional lines on the pH curve shown in Fig. 2. The result
of curve fitting using Egs. (3a) and (3b) is depicted as a dashed line in Fig. 2. The
experimental data obtained for the KOH-based solution can be well reproduced by using the
same fitting parameter x of 1.54 x 10 mol/Lmin, in both the alkali and acid regions. This
result indicates that the SO4 ~ radicals were produced at a constant rate over a wide pH range,
as the value of x corresponds to the production rate of the SOs~ radical under UVC
illumination.

In the case of the H3POs-based solution, the change of pH value can be considered the
result of mixing acid solutions with each other. Thus, the pH change can be simply described
by

pH = —log,;o([HT]; + x - t) for pH <7, (€))
where the initial concentration of H" ions [H*]i was 4.07 x 10-3 mol/L, obtained from the pH
value of 2.39 at ¢ = 0 min. The theoretical pH curve calculated using Eq. (4) is also shown
in Fig. 2 as a dashed line. Here, the same value of x = 1.54 x 10 mol/Lmin was used for
the calculation. The slope of the experimental curve was slightly larger than that of the
theoretical curve obtained using Eq. (4). This is probably because the pH change became

3
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moderate due to the pH-buffering action in the H3POs-based solution.

The electrodeless PEC etching was conducted on the GaN surface patterned with a
photoresist film in the H3POs-based solution under UVC illumination. Figures 3(a) and (b)
shows the top image of the sample with the patterned-photoresist film before and after
etching for 105 min, respectively. The line width of the lithography pattern was 10.6 um, as
shown in (a). The pattern width was unchanged after the electrodeless PEC etching,
indicating that the etching reaction occurred only in the open area following the lithography
pattern. This result emphasizes the significant advantage of using the H3PO4-based solution,
namely, that positive-type photoresist film can be utilized as an etching mask. Figure 4
shows the correlation between the etching depth and the etching time. The red circle and
blue square respectively indicate the present data and the previous data obtained on the Si0»-
masked GaN using the KOH-based solution *>. We found that the etching depth increased
linearly with time after some incubation period. The constant etching rate of 1.17 nm/min
was obtained for the H3POs-based solution, which is comparable with the etching rate of 1.0
nm/min obtained for the KOH-based solution. Their similar etching behavior can be
consistently explained by the fact that the production rate of the SO4~ radicals was kept
constant over the wide pH range.

The AFM images obtained on the sample after etching for 30 and 60 min are shown in
Fig. 5(a) and (b), respectively. Sharp corners were observed at the boundary between the
etched and unetched surface after etching for 30 min, while the corners of the boundary were
rounded after etching for 60 min. This is due to the poor adhesion of photoresist film on the
GaN surface, which is expected to be improved by the optimization of a film-coating process.
The roughness of the etched surface was 1.83 and 2.48 nm (root mean square: RMS), as
determined from the AFM observation in the 7 x 7 pm? area. The surface morphology
obtained here is also comparable to that obtained on the sample after etching in the KOH-
based solution using a SiO>-mask 3.

In conclusion, we succeeded in the electrodeless PEC etching of n-type GaN using a
H3POs-based solution containing S>Os?~ ions. The pH value of the solution changed under
UVC illumination, clearly showing that the SO4~ radicals were produced from S>Os? ions
by absorbing the UVC light. The production rate of the SO4~ radicals kept a constant value
in the wide pH range of the solution. As a result, the etching rates and RMS roughness
obtained in the H3PO4-based solution were about the same as those previously obtained in
the KOH-based solutions. We also confirmed that the positive-type photoresist was suitable
as the etching mask for the H;POs-based solution. Our findings will contribute to n-GaN wet
etching by enabling more simplicity and greater suitability for the photo-lithography process
in the manufacturing of GaN-based devices.
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