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The Formation and the Plane Indices of Etched Facets of Wet
Etching Patterned Sapphire Substrate
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A two-step chemical wet etching processes were used to investigated the formation and the plane indexes of exposed etched facets
of wet etching patterned sapphire substrate (PSS). It was found when SiO2 mask still remained on the top c-plane, the structure of
PSS comprised of a hexagonal pyramid covered with six facets {34̄17} with a flat top c-plane. When SiO2 mask were etched away,
beside six facets on the bottom, there were 3 extra facets {11̄05} exposed on the top.
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Light-emitting diodes (LEDs) are expected to play an important
role in next-generation light source due to their advantages of high
efficiency, long life, small size, environmental protection, various col-
ors and wide applications. In particular, high-brightness GaN-based
LEDs have attracted considerable attention for white light solid-state
lighting. Many techniques have been developed for improving GaN-
based LEDs internal quantum efficiency (IQE) and light extraction ef-
ficiency (LEE), such as epitaxial lateral overgrowth, surface roughing,
metal mirror reflect layer and patterned sapphire substrate (PSS).1–9

Currently, the PSS technique has attracted much attention for its high
production yield. Besides, using the PSS technique can improve both
IQE and LEE.10–15

Two kinds of etching methods have been used to fabricate PSS :(1)
dry etching and (2) wet etching. In dry etching, the ion bombardment
caused damages on PSS surface and resulted in an increased of thread-
ing dislocations propagating through the GaN epitaxial layers.16,17 On
the other hand, wet etching did not have this ion damage problem. Be-
sides, wet etching method can also reduce the fabrication cost of PSS
and simplify the process.18–20 In wet etching, the sapphire substrate
covered with SiO2 hard mask is usually etched by a mixed solution of
hot H2SO4 and H3PO4.
After etching, several etched facets were exposed. These facets

have been identified differently as n-like plane,21,22 r-like plane,13,23

and mixture of m-, r- and a-like plane.24 It has been found beside
normal wurtzite GaN, zincblende GaN has been found on these planes
of PSS.20 Therefore, in this study, the formation and plane indexes of
these exposed etched facets were investigated by a two-step etching
process.

Experimental

PSSs with periodic dot array patterns (1-μm width and 2-μm
spacing)were prepared by standard photolithography.A400-nm-thick
SiO2 film served as the wet-etching hard mask and was deposited on
the sapphire surface by plasma-enhanced chemical vapor deposition
(PECVD). The substrate with SiO2 mask was immersed in a H3PO4-
based etchant at 270◦C for various times (11, 12, 14 and 16min). They
were denoted as 11, 12, 14 and 16PSS. The surface morphology of
the PSS was observed and measured by scanning electron microscope
(SEM) and focused ion beam (FIB).

Result and Discussion

Figure 1 shows the SEM images of 12PSS. As shown in Fig. 1a,
the structure of 12PSS comprises of a hexagonal pyramid covered
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with six facets with a flat top c-plane. After 12PSS was dipped into
buffered oxide etchant (BOE) to remove the SiO2, top c-planes were
clearly shown on Figs. 1b and 1c. These six planes were designated
“6-bottom” (6B) planes. The cross section image of 6B planes is
shown on Fig. 1d. The slanted angle between the intersections of 6B
planes and c-plane was around 57.3◦.
The SEM images of 14PSS were shown in Fig. 2a and 2b. No top

c-plane was found on these structures. In addition to 6B facets, three
facets were found on the top of 6B facets. These three facets were
designated “3-top” (3T) planes. As shown in Fig. 2c, the slanted angle
between the 3T planes and c-plane was around 31.9◦ while the angle
of the 6B planes was still around 57.3◦.
As the etching time increased, the areas of 3T facets increased and

at the same time those of 6B decreased. When etching time reached
16 min, only few 6B facets were left as shown in Fig. 3a and 3b. As
shown in Fig. 3c, the angle of the 3T planes was around 32.1◦.
The increase of 3T areas (decrease of 6B areas)might have resulted

from the removing of SiO2 hard mask during the etching process since
H3PO4 can etch SiO2 and sapphire simultaneously.23,25 A two-step
etching process was used to test this assumption. In the first step,
sample was etching for 11 min. As shown in Fig. 4a and 4b, 11PSS is
composed of pyramidwith a top c-plane. The height of 11PSS pyramid
was 1.55 μm (not include SiO2 thickness), which was less than that of
12PSS (1.77 μm). This is because the etching depth (pyramid height)
was increased with the etching time. The top c-plane area of 11PSS
was the same as that of 12PSS since SiO2 hard mask still remained
on the top c-plane.
Before second etching step, 11PSSwas dipped into BOE to remove

the SiO2 mask. Sample was then etched in same solution for another
3 min. It was designated as “3+11PSS”. As shown in Fig. 4c to 4e,
compared with 14PSS, even though the total etching time was the
same, the height of 3+11PSS was lower than that of 14PSS. This is
because top c-plane was also etched by H3PO4–based solution during
the second etching step. On the other hand, the 3T area of 3+11PSS
was larger than that of 14PSS. This is because in 3+11PSS, oxide was
removed after 11 min, while in 14PSS, oxide was not removed until
around 12.5 min. In other words, the increase of 3T areas (decrease
of 6B areas) was due to the removing of SiO2 hard mask during the
etching process.
The sapphire etching mechanism was schematically illustrated in

Fig. 5. When the SiO2 mask still remained on the top c-plane, the
etching rate of 6B planes was very slow compared with the vertical
etching rate of bottom c-plane.As a result the size (height) of pyramid
increased with the etching time (Fig. 5a). When SiO2 mask was gone
(etched away), top c-planewas also etched by H3PO4–based solution.
At the same time, 3T facets appeared. As a result, as the etching
time increased, the size (height) of pyramid decreased and the 3T
areas increased (Fig. 5b). Besides, it is worthy to note that the slanted
angles of 6B and 3T planes did not change with the etching time as
shown in Fig. 1d, Fig. 2c and Fig. 3c.
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Figure 1. SEM images of 12PSS. (a) is the
side-view image before removing of SiO2 layer
(viewed from 52◦ to sample normal). (b) and (c)
are the top-view and side-view images after re-
moving of SiO2. (d) is the cross-section image
from (b) indicated by dash lines along (12̄10) af-
ter removing of SiO2.

Figure 2. SEM images of 14PSS. (a) is the top-
view image. (b) is the side-view image. (c) is the
cross-section image.
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Figure 3. SEM images of 16PSS. (a) is the top-view image. (b) is
the side-view image. (c) is the cross-section image.

Figure 4. SEM images of 11PSS[(a) and (b)] and 3+11PSS[(c), (d) and
(e)]. (a) is the side-view, and (b) is the cross-section images of 11PSS. (c)
is the top-view, (d) is the side-view, and (d) is the cross-section images
of 3+11PSS.
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Figure 5. Schematic illustrations of etching
process when (a) the SiO2 still on the top c-
plane, and (b) the SiO2 was totally etched away.

Figure 6. (a) is the crystallographic diagrams of sapphire. (b) is the relative
orientations and projections of 6B and 3T structure on (0001) plane.

There are 3 different planes appeared in the wet etching process,
c, 6B and 3T planes. The etching rate was calculated by the cross-
sectional SEM images. As illustrated in Fig. 5a, the etching rate of
c-plane (Vc) was∼0.14 μm/min. The etching rate of 6B planes (V6B)
was ∼0 μm/min. This is because when SiO2 mask remained on the

top c-plane, there was almost no change of top c-plane diameter. The
etching rate of 3T planes (V3T) was ∼0.36 μm/min as illustrated in
Fig. 5b.
To investigate 6B and 3T, the crystallographic planes of sapphire

from different view angles are illustrated in Fig. 6a. The related ob-
served projections of 6B and 3T planes on sapphire wafer are shown
in Fig. 6b. Compared Figs. 2 with Fig. 6, 3T planes could belong to
the r–like planes. However, 6B planes are neither n–like nor r–like
plane.
The detailed analysis of the hexagonal pyramid is illustrated in

Fig. 7. The intercepts of the 6B plane on the a1, a3 and c axes are about
3.000, 8.196 and 3.514 units. The intercepts of the 3T plane on the a1,
a2 and c axes are about 4.914, −4.914 and 2.558 units, respectively.
In hexagonal crystals, the Miller-Bravais indexes of a plane are

denoted by (hkil). These indexes are the reciprocals of intercepts
on the a1, a2, a3 and c, respectively. The additional condition which
their values must satisfy is h + k = −i. Then, take the reciprocals
of these numbers in Fig. 7, and multiplied with sapphire’s unit length
(a = 4.759 Å and c = 12.991 Å).26 The calculated Miller-Bravais
indexes of 6B and 3T planes are {34̄17} and {11̄05}, respectively.
These 6B and 3T plane indexes were confirmed by calculating the

angles among 6B, 3T and c-planes. The angle, ϕ, between two crystal
planes (h1k1i1l1) and (h2k2i2l2) is given by26

φ = cos−1

⎡
⎢⎣ h1h2 − (h1k2 + h2k1) /2+ k1k2 + 3a2

4c2
l1l2(

h21 − h1k1 + k21 + 3a2

4c2
l21

)1/2(
h22 − h2k2 + k22 + 3a2

4c2
l22

)1/2

⎤
⎥⎦

Figure 7. The intercepts of (a) 6B and (b)3T plane on the axes.
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Figure 8. Schematic illustrations of hexagonal pyramid. (a) is the side-view illustration. (b) is the cross-section illustration from (a) and (c) indicated by dash
lines. (c) is the projection of hexagonal pyramid on (0001) plane.

The calculated angle between 3T planes {11̄05} and c-plane (0001)
was 32.2◦ as shown in Figs. 8a and 8b. This angle was almost the same
as those angles observed in Figs. 2c and 3c.
Before confirmed the angle between 6B planes and c-plane, we

needed calculated the intersection directions of 6B planes. As il-
lustrated in Figs. 8a and 8b, one of these directions, [211], can be
calculated by cross product of normal direction of (4̄137) and (314̄7̄).
The angle, θ, between two directions [u1v1w1] and [u2v2w2] is given
by26

θ = cos−1

⎡
⎢⎣ u1u2 − (u1v2 + u2v1) /2+ v1v2 + c2

a2
w1w2(

u21 − u1v1 + v21 + c2

a2
w2
1

)1/2(
u22 − u2v2 + v22 + c2

a2
w2
2

)1/2

⎤
⎥⎦

The calculated angle between [211] and [001] (normal direction
of c-plane) was 32.4◦. In other words, the angle of cross-section was
57.6◦ as illustrated in Figs. 8a and 8b. This angle was almost the same
as those angles observed in Figs. 1d, 2c, and 4b.
The projection of pyramid on (0001) plane was illustrated in

Fig. 8c. The intersection directions of 6B planes and c-plane were
calculated by cross product of normal directions of these planes.26

Some of these intersection directions ([140], [13̄0] and [4̄3̄0]) were
illustrated in Fig. 8c. The calculated angle between [140] and [13̄0]
was 152.2◦, while that between [13̄0] and [4̄3̄0]) was 87.8◦. These
angles were almost the same as those angles observed in Figs. 1b, 2a,
3a, and 4c.

Conclusions

Wet etching PSS substrates have been used to improve both IQE
and LEE of GaN-based LEDs. In wet etching process, several etched
facets were exposed on PSSs. In this study, a two-step wet etching
processes were used to investigated the formation mechanism and
the plane indexes of these exposed facets. It was found that, when
SiO2 mask remained on the top c-plane, PSS has a three-dimensional
structure, which is composed of a hexagonal pyramid covered with
six 6B facets. The plain indexes of 6B were {34̄17}. When SiO2 mask
were etched away, three 3T facets were found on the top of 6B facets.
The plain indexes of 3T were {11̄05}.
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