Journal of the Korean Ceramic Society
Vol. 41, No. 7, pp. 493~496, 2004,

Sulfuric Acid Treatment of Sapphire Substrates for
Growth of High-Quality Epilayers

Ji-Won Choi,* Young-Soo No,*** Yeon-Sik Jung,* Seok-Jin Yoon,*
Tae-Whan Kim,** and Won-Kook Choi*"
*Thin Film Materials Research Center, Korea Institute of Science and Technology, Seoul 130-650, Korea

**Division of Electrical and Computer Engineering, Hanyang University, Seoul 133-791, Korea
(Received March 17, 2004; Accepted June 2, 2004)

ABSTRACT

The chemical etching of sapphire substrates was performed to produce smooth surfaces on an atomic scale. The sapphire sur-
face etched by using a H,SO, solution showed a pit-free morphology and was very smooth as much as ¢,,=0.13 nm, that etched
by using a mixture of H,SO, and H,PO, contained large pits with ¢, =0.34 nm. The ¢, s and the number of the pits increased

rms

with increasing etching temperature. The sapphire etched by using H,SO, at 320°C had the best surface. These results provide
important information on the effects of etching treatment on the structural properties of sapphire for the growth of high-quality

epilayers.
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1. Introduction

otential applications of GaN or ZnO thin films in elec-

tronic and optoelectronic devices, such as light emitting
diodes, laser diodes, and ultraviolet detectors, have driven
extensive efforts to improve film qualities for the last two
decades.™® The achievement of high-quality GaN or ZnO
epitaxial layers plays an important role in obtaining high
efficiencies for optoelectronic devices ranging from the blue
to the ultraviolet spectral region. Therefore, suitable sub-
strates, which are lattice matched with GalN or ZnO thin
films, have to be chosen and pre-treated to decrease defects
and the root-mean-square standard deviation (c,,,) of the
average surface roughness. Initial film nucleation can take
place preferentially upon the scratches and defects on these
substrates. This behavior had been observed in GaN epitax-
ial growth on sapphire.” Defects from the surfaces can prop-
agate into the deposited film and lead to degradation of the
optical and electrical properties.

Sapphire has been viewed as an extremely promising sub-
strate for GaN and ZnO epitaxial films because of its chemi-
cal compatibility, optical transparency, high-temperature
stability, and relatively low price.” Even though chemical
mechanical polishing treatment of sapphire wafers is neces-
sary to obtain smooth, flat surfaces, this method produces
scratches and residual stress on the surface, which generate
defects in the thin films grown on the sapphire substrates.
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Various etching techniques were introduced to remove the
scratches and the residual stress on the sapphire sur-
faces.>® In particular, an etching method utilizing a mixture
of H,S0, and H;PO, (3 : 1) was used to obtain an atomically
flat surface. Dwikusuma et al. reported that the sapphire
surface etched by using a mixture of H,SO, and H,PO, (3 :
1) contained many pits and that the sapphire etched by
using a H,SO, solution at 300°C had a smooth and pit free
surface.” Since the annealing temperatures for the etching
treatment performed by Dwiksuma et al. were 100, 200,
300, and 400°C, the annealing intervals were too rough to
determine the optimal etching temperature. For these rea-
sons, various etching treatment, as a means of looking for
optimal etching conditions for a sapphire surface, were used
in this study. The surface morphology and the structural
properties were characterized by using Atomic Force Micros-
copy (AFM) and X-Ray Diffraction (XRD) measurements.

2. Experimental Procedure

The sapphire surfaces were alternately degreased in ace-
tone and methanol, rinsed in deionized water thoroughly,
and etched in a solution of H,SO, and H,PO, (3 : 1) at 160°C
or in a H,80, solution at various etching temperatures for
30 min. The H,SO, etching solution was heated on a PID
(proportional-integral-derivative) controllable hot plate at
temperatures between 300 and 350°C. The solution temper-
ature was measured using two thermocouple probes, which
were inserted into the solution and the hot plate. The solu-
tion was not stirred because some previous studies reported
that stirring the solution deteriorated the surface quality.®”
Every etching experiment was duplicated at least three
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Fig. 1. AFM image of the sapphire surface etched in a mix-
ture of H,SO, and H,PO, (3 : 1) at 160°C for 10 min.

times with a fresh solution.

The surface morphology of the etched sapphire substrate
was characterized by using a contact mode AFM (PSI). After
the AFM data were taken for multiple locations on several
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specimens from each etching process, representative images
were obtained. The o, was determined from a scan over a
5 x 5 pm? area. XRD measurements were performed to iden-
tify the insoluble reaction products after etching in a mix-

ture of H,SO, and H,PO, (3 : 1) or in H,S0,.

3. Results and Discussion

Fig. 1 shows an AFM image of the sapphire surface etched
in a mixture of H,SO, and H,PO, (3 : 1) at 160°C for 10 min.
The previous work performed by Dwikusuma et al. con-
ducted etching at 100, 200, and 300°C by using a mixture of
H,S0, and H,PO, (3 : 1). No noticeable change in the sur-
face morphology for the sapphire surface etched at 100°C
was observed. When the temperature was increased to
200°C, the scratches widened slightly, and small pits
started to form along directions parallel to the scratches.
The o, of the sapphire surface etched at 200°C was 0.55
nm. When the etching temperature became 300°C, the
scratches were wider and the number of pits became larger,
and the ¢, was about 0.45 nm. In our present works, even
though a lot of pits still remained on the sapphire surface
etched in a mixture of H,SO, and H,PO, (3 : 1) at 160°C for
10 min, the surface was smooth and scratch free, and the
o, _of the sapphire was approximately 0.34 nm.

rms

Fig. 2 shows AFM images of the sapphire surface etched
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Fig. 2. AFM images of the sapphire surface etched in a H,SO, solution at various temperatures for 30 min : (a) 300°C, (b) 310°C,

(c) 320°C, (d) 330°C, and (e) 350°C.
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in a H,S0, solution at various temperatures for 30 min. The
previous etching works concerning the sapphire studied by
Dwikusuma et al. were performed at 100, 200, 300, and
400°C for 30 min by using a H,SO, solution. According to
them, a significant change in the surface morphology for the
sapphire surface etched by H,SO, at 100°C did not occur.
When the temperature was increased to 200°C, the scrat-
ches still widened, and some surface pits were observed.
The sapphire surface etched at 300°C contained wider
scratches, but the number of the scratches was smaller, and
a few surface pits were observed in a large area scan of the
surface. The surface etched at 300°C became smoother with
the o, of 0.30 nm. While the scratches were completely
removed at an etching temperature of 400°C, the value of
the o, was as large as 0.45 nm.

According to the ref. [7], the sulfuric acid etching mecha-
nism was explained as follows. At low temperature, the
etching is commenced by reaction between AI** and the
SOf“ ions to form soluble aluminum sulfate complexes,

Al(SO,)" and AI(SO,)*, from [9]
AP +nS0 & Al(SO,) ™

As temperature increases, Al also reacts with SOf’ to
form a mixture of different phases of hydrous aluminum
sulfate, Al,(SO,), - xH,O according to [7]

2AL," + 350,> + xH,0 © Al(SO,); - xH,0

After latter reaction, Al,(SO,); and AL(SO,), - 17H,0O prod-
ucts still remains on the sapphire substrates.

In the present work, we carefully conduct etching at 300,
310, 320, 330, and 350°C for 30 min using a H,SO, solution
to obtain the optimal etching condition. The sapphire sur-
face etched at 300°C contained few scratches, and some pits.
The o, of that surface was 0.32 nm, indicative of surface
smoothness, and that value was approximately the same as
the value reported in other literature.® The number of the
pits decrease with increasing etching temperature to 320°C,
and the surface became smoother with a ¢___ of 0.13 nm, as

rms

shown in Fig. 3. The values of the ¢, s for the sapphire sur-
faces etched at 330 and 350°C were 0.16 and 4.0 nm, respec-
tively, and the sapphire surface etched at 350°C contained
many pits. Therefore, the optimal etching temperature for
the sapphire surface is 320°C.

Fig. 4 shows XRD patterns of the sapphire surface etched
in a mixture of H,SO, and H,PO, (3 : 1) at 160°C for 10 min
and in H,80, at various temperatures for 30 min. All the
surfaces etched under various conditions have a mixture of
polycrystalline aluminum sulfates, Al(SO,),, AL(SO,), -
H,SO, - 2H,0, and AlL,(SO,), - 17H,0. The minimum number
of insoluble crystals existed on the surface etched at 300.
The XRD patterns of the sapphire surfaces etched in H,SO,
at 310 and 320°C show similar behaviors to that of the sap-
phire surface etched in a mixture of H,SO, and H,PO, (3:1)
at 160°C, and an extra peak corresponding to the AL(SO,),
phase appears below 15° in the 26 range. When the etching
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Fig. 3. The o,,’s of the surface roughnesses for the sapphire
surfaces etched in H,S0, at various temperatures for

30 min.
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Fig. 4. XRD patterns of the sapphire surface etched in a mix-
ture of H,SO, and H,PO, (3: 1) at 160°C for 10 min and
H,S0, at various temperatures for 30 min. The peaks
corresponding to AL(SO,),, AL(SO,),- H,SO,-2H,0, and
Al(80,), - 17H,0 are represented by @, 4, and W,
respectively. AlL(S0,} exhibits (003), (012), and their
higher-order orientations, and AL(80,),-17H,0 has
(111) and (311) orientations.

temperature was increase to 350°C, peaks related to mix-
tures of polycrystalline aluminum sulfates started to appear
on the surface at 15° and 30° in the 20 range.

In summary, the optimal etching conditions of sapphire
substrates were investigated to obtain smooth surfaces on
an atomic scale for growth of high-quality thin films. The
surface etched by using a mixture of H,SO, and H,PO, (3: 1)
at 160°C was scratch free, but many pits were observed; the
value of o, was 0.34 nm. The surface etched by using
H,SO, at 320°C showed an almost pit free morphology and
an ultra-smooth surface with a ¢, of 0.13 nm. The g _ of
the surface roughness and the number of pits increased
with increasing etching temperature from 320 up to 350°C,
as did the concentrations of the polycrystalline aluminum
sulfates existing on the surface. The sapphire etched by
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using H,SO, at 320°C had the best surface morphology.
These present observations can help improve etched sap-
phire surfaces for the growth of high-quality epilayers.
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