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Fabrication of Micro- and Nano-craters on the Surface of GaN
Substrates by Using Wet-chemicals Assisted Femtosecond Laser Ablation
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We have investigated micro and nano fabrication of wide-bandgap semiconductor Gal-
lium nitride (GaN) using a femtosecond (fs) laser. Nanometer scale crater is successfully
formed by wet-chemicals assisted fs laser ablation, in which the laser beam is focused on
single-crystal GaN substrates in a hydrochloric acid solution. This method can efficiently
remove the ablation debris due to chemical reactions, resulting in high quality ablation.
On the other hand, a two-step processing method, i.e., irradiation with fs laser in air fol-
lowed by wet etching, distorts the shape of crater because of the residual debris. Threshold
fluence for wet-chemicals assisted fs laser ablation is lower than that for fs laser ablation in
air. This effect is advantageous to the improvement of fabrication resolution. At present,
we have achieved the fabrication of crater as small as 510 nm by using a high NA (0.73)

objective lens.
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1. Introduction

Gallium nitride (GaN) has attracted attention over re-
cent years because it is a wide band gap semiconductor
applicable to a variety of optical devices, such as light
emitting diode (LED), laser diode (LD) and so on. There-
fore, development of microfabrication techniques for GaN
is quite important. Generally, plasma etching [1-3] or reac-
tive-ion etching processes [4-6] are utilized for fabrication
of semiconductors. In the case of GaN, however, high
chemical stability and high hardness interfere with high
speed and high quality etching. On the other hand, laser
ablation processing is promising for improvement of fabri-
cation efficiency [7-9]. So far, our group has reported that
multiwavelength laser ablation techniques were applicable
to the microfabrication of GaN [10-12]. Although these
methods permit the high—quality ablation with little thermal
damage, they have a problem. Namely, the reaction is lim-
ited to the surface of material, which means only two di-
mensional structure can be fabricated. In these days, more
complicated and 3D devices are desired, so we chose a
femtosecond (fs) laser ablation process.

As is well known, the intensity of focused fs laser is so
high that multiphoton absorption takes place at the local-
ized area near focal point. Ablation reaction as well as
many kinds of processes including electron excitation,
ionization, and phase transition is induced by irradiation
with fs laser. In this work, we have investigated the possi-
bility of nanometer scale fabrication of GaN single crystal
by using fs laser. In multiphoton absorption, the effective
spot size can be reduced, and then micro- or nano-
fabrication will be realized.

2. Experimental
The material used in this work was commercially avail-
able single-crystal gallium nitride (GaN) substrate from
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Kyma Technologies Incorporated, which shows n-type
conduction. The substrate has [0001] out-of-plane orienta-
tion, and the thickness is 470 pm. We utilized a fs laser
system (Clark-MXR, CPA-2001) emitting a pulse width of
150 fs [full width at half maximum (FWHM)], a wave-
length of 775 nm and a repetition rate of 1 kHz. The laser
beam, the diameter of which was reduced to 3 mm by an
aperture, was focused to the surface of material by a 20x
microscope objective with a numerical aperture (NA) of
0.46. The GaN substrates under fabrication were translated
using a PC controlled x-y-z stage with a resolution of 0.5
um. The surface of GaN is irradiated with fs laser in air,
and then, a successive etching process in a 35% hydro-
chloric (HCI) acid solution is performed for an hour (here-
inafter referred to as two-step processing method). We
have also carried out wet-chemicals assisted ablation proc-
essing, in which the laser beam is directly focused on the
substrates in an HCI solution. The morphology and size of
the ablation craters formed by a single fs-laser pulse are
investigated by using atomic force microscope (AFM) and
optical microscopy. The change of chemical composition
in ablated area is examined using X-ray photoelectron
spectroscopy (XPS) measurement.

3. Results and discussion

Surface and cross-sectional morphologies of typical ab-
lated craters formed on the surface of GaN by using two-
step processing method are shown in Fig. 1. The pulse
energy of fs laser was 80 nJ. In the first step, namely sin-
gle-pulse irradiation with a fs laser, ablation reaction takes
place. The ablated surface is strongly roughened and the
edge of crater is unclear due to residual debris as shown in
the AFM image (upper side) of Fig. 1(a). After etching
process in HCI solution, the debris is removed to some
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Fig. 1 Surface and cross-sectional morphologies of typi-
cal ablated craters formed on the surface of GaN
by using two-step processing method.

degree, and as a result, the edge becomes somewhat clear
(lower side). However, the crater’s shape is a little dis-
torted and the roughness does not disappear entirely. Fig-
ure 1 (b) presents the optical micrographs before and after
etching, respectively. The irradiated area is bright spot due
to high reflectivity before etching process. It is anticipated
that a Ga-rich phase with metallic reflectivity is formed on
the ablated surface [7]. On the other hand, the ablation
craters become dark after etching. According to the cross-
sectional survey provided in the Fig. 1 (c), the depth of
ablation crater increases from 26 to 40 nm and the diameter
also increases from 0.92 to 1.3 pm in this irradiation condi-
tion. We speculate that most part of the layer etched in HCI1
solution is the Ga-rich phase. The etched surface is so
rough that light scattering occurs, resulting in the decrease
in reflectivity. In order to support this speculation, the
chemical compositions are examined using XPS measure-
ment. The ratios of Ga to N for each step are summarized
in Table 1. In the surface of GaN which is not irradiated
with fs laser, the ratio is higher than 1, because the edge of
surface is Ga face. After irradiation, the ratio increases to
1.82. Then, the value decreases to 1.67 after etching in
HCI solution for 1h. This change of chemical composition
is explainable in terms of the formation and the removal of
a Ga-rich layer.

Table 1 Ratios of Ga to N obtained byXPS measurement

Unirradiated Irradiated Etched in HCI

Gal/N 1.56 1.82 1.67

Thus, two different reactions concurrently occur in the
two-step processing method. Near the center of focal point,
in which the laser intensity exceeds the ablation threshold,
direct ablation takes place. In the meanwhile, at the sur-
rounding area where the laser intensity is below ablation
threshold, thermal reaction is dominant due to relaxation of
excited electrons, and then a Ga rich layer is formed. By
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Fig. 2 Morphology of ablation crater formed by wet-chemicals
assisted fs laser ablation

the successive etching process, HCI solution dissolves the
metallic layer, resulting in wider craters.

Figure 2 shows the AFM images of ablation craters
formed by irradiation in HCI solution, namely wet-
chemicals assisted fs laser ablation. The pulse energies of
fs laser are 53 and 105 nJ respectively. Symmetrical-
round-shaped craters are formed with much higher quality
compared with two-step processing. The quality became
lower with the decrease in the concentration. Obviously,
the HCIl solution plays an important role in the high quality
fabrication. One can suppose that the laser interaction with
GaN should be similar to the case of two-step processing.
However, the features of fabricated structures are some-
what different. For example, Figure 3 shows the cross-
sectional profiles. As the pulse energy is increasing, the
difference of shape becomes more significant between two
methods. Figure 4 presents the pulse energy dependence of
etching depth. We can observe the two characteristic dif-
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Fig. 3 Cross-sectional profiles of ablation craters formed by (a)
two-step processing method and (b) wet-chemicals as-
sisted fs laser ablation.
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ferences. First, the threshold energy for the case of wet-
chemicals assisted ablation is lower than that of two step
processing. We also observed that the threshold shifted to
higher energy as the concentration became lower. It is in-
ferred that photochemical reaction by HCI is responsible
for the high quality ablation. Second, the etch depth for
single pulse is saturated around 80 nm in the case of wet-
chemicals assisted ablation. As a result, the craters’ bot-
toms become flat (see Fig. 3). Although the detailed
mechanism of this processing method is still not clear, it is
obvious that the HCI solution has an important role in
greatly improving the etching quality.

An improvement of fabrication resolution is also of
great interest because of the potential application for a va-
riety of highly integrated microdevices. In the case of two-
step processing, 1.3-um-diameter crater is formed by single
pulse at energy of 80 nJ. On the other hand, the minimum
ablation crater, the diameter of which is as small as 1.1 pm,
can be produced at pulse energy of 47 nJ by using the wet-
chemicals assisted fs laser ablation technique. The results
suggest that the wet-chemicals assisted ablation is promis-
ing method for higher resolution. High NA (0.73) and long
working distance (4.7 mm) objective lens (100x) was util-
ized for the nano-fabrication. By using this objective lens,
the spot size at around focal point decreases to 1.75 um,
while the spot size using 20x objective is 2.78 um. Figure
5 shows AFM image of fabricated nano-scale crater, the
diameter of which is as small as 510 nm using wet-
chemicals assisted fs laser ablation. It is speculated that the
higher resolution of this method compared to the two-step
processing method is ascribed to the cooling effect of lig-
uid solution. The Ga-rich layer is formed at around the
region where the beam intensity is below the ablation
threshold. The heat conductivity of liquid solution is
higher than that of air. Therefore, in the case of the wet-
chemicals assisted ablation, part of the excess heat gener-
ated during and after ablation reaction diffuses into HCl
solution. As a result, formation of a Ga-rich layer is sup-
pressed and thereby the volume of etched region decreases,
leading to the high-resolution fabrication.

4. Conclusions
High-quality ablation craters are successfully fabri-
cated on a single-crystal GaN substrate by using wet-
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Fig. 4 Pulse energy dependence of etching depth for two-
step processing method (@) and wet-chemicals as-
sisted fs laser ablation (H).
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Fig. 5 AFM image of nano-scale crater formed by using wet-
chemicals assisted fs laser ablation, the diameter of
which is as small as 510 nm.

chemicals assisted fs laser ablation technique. By using
high NA objective lens, the diameter of ablation crater de-
creases to as small as approximately 510 nm. It is expected
that the fabrication resolution can be improved by using the
second harmonic of the laser. This nano-fabrication tech-
nique of GaN is useful to form a variety of integrated mi-
crodevices, such as photonic crystals and so on. In addition,
by using the wet-chemicals assisted fs laser ablation
method, the debris is efficiently removed during and after
the reaction in HCI solution, resulting in high quality proc-
essing. This advantage enables a successive fabrication of
GaN using multiple pulses, so-called, laser direct writing,
realizing fabrication of 3D micro structure inside GaN in
the future.

References

[1] S. A. Smith, C. A. Wolden, M. D. Bremser, A. D.

Hanhser, R. F. Davis, and W. V. Lampert, Appl. Phys.

Lett. 71, 3631 (1997)

R. J. Shul, G. B. McClellan, S. A. Casalnuovo, D. J.

Rieger, S. J. Pearton, C. Constantine, C. Barratt, R. F.

Karlicek, Jr,. C. Tran, and M. Schuman, Appl. Phys.

Lett. 69, 1119 (1996)

H. P. Gillis, D. A. Choutov, K. P. Matin, S. J. Pearton,

and C. R. Abernathy, J. Electrochem. Soc. 143, L.251

(1996)

[4] H. Lee, D. B. Oberman, and J. S. Harris Jr., Appl. Phys.

Lett. 67, 1754 (1995)

J. B. Fedison, T. P. Chow, H. Lu, and I. B. Vhat, J.

Electrochem. Soc. 144, 1L.221 (1997)

D. Basak, M. Verdu, M. T. Montojo, M. J. Sanchez-

Garcia, F. J. Sanchez, E. Munoz, and E. Calleja,

Semicond. Sci. Technol. 12, 1654 (1997)

[7] T. Akane, K. Sugioka, H. Ogino, H. Takai, and K. Mi-
dorikawa, Appl. Surf. Sci. 148, 133 (1999)

[8] T. Akane, K. Sugioka, and K. Midorikawa, Appl. Phys.

A 69, S309 (1999)

T. Akane, K. Sugioka, S. Nomura, K. Hammura, N.

Aoki, K. Toyoda, Y. Aoyagi, and K. Midorikawa,

Appl. Surf. Sci. 168, 335 (2000)

(2]

(3]

(3]
(6]

(9]



JLMN-Journal of Laser Micro/Nanoengineering Vol. 4, No. 1, 2009

[10] J. Zhang, K. Sugioka, S. Wada, H. Tashiro, K. Toyoda, [12] K. Obata, K. Sugioka, K. Midorikawa, T. Inamura,

and K. Midorikawa, Appl. Surf. Sci. 127-129, 793 and H. Takai, Appl. Phys. A 82, 479 (2006)
(1998)

[11] T. Akane, K. Sugioka, K. Hammura, Y. Aoyagi, K.
Midorikawa, K. Obata, K. Toyoda, and S. Nomura, J. (Received: July 28, 2008, Accepted: April 6, 2009)

Vac. Sci. Technol. B 19, 1388 (2001)

78



	Text1: DOI: 10.2961/jlmn.2009.01.0015


