
 

 Copyright line will be provided by the publisher 

1 

2 
3 

4 

5 

6 
7 

8 

9 

10 
11 

12 

13 

14 
15 

16 

17 

18 
19 

20 

21 

22 
23 

24 

25 

26 
27 

28 

29 

30 
31 

32 

33 

34 
35 

36 

37 

38 
39 

40 

41 

42 
43 

44 

45 

46 
47 

48 

49 

50 
51 

52 

53 

54 
55 

56 

57 

Tridimensional morphology and kinetics of etch pit on the 

{0001} plane of sapphire crystal 

Lunyong Zhang
*,1

, Hongbo Zuo
2
, Zhiyong Yuan

2
, Ji Zhou

1
, Jianfei Sun

**,1
, Dawei Xing

1
, Jiecai Han

2
 

1 School of Materials Science and Engineering, Harbin Institute of Technology, Harbin, P.R.China, 150001 
2 Center for Composite Materials, Harbin Institute of Technology, Harbin, P.R.China, 150001 

 

 

Keywords Sapphire crystal; Etch pit; Tridimensional morphology; Etching kinetics; Structure origin; Kinematic wave

                              
* Corresponding author: e-mail jfsun_hit@263.net, Phone: +86 451 6418317 
** e-mail allen.zhang.ly@gmail.com 

 

 

 

The tridimensional morphology and etching kinetics of 

the etch pit on the C-{0001} plane of sapphire crystal (-

Al2O3) in KOH molten were studied experimentally. It was 

shown that the etch pit takes on tridimensional morphologies 

with triangular symmetry same as the symmetric property of 

the sapphire crystal. Pits like centric and eccentric triangular 

pyramid as well as hexagonal pyramid could be observed, but 

the latter is much less in density. Analyses show the side 

walls of the etch pits belong to the {110 2 } family, and the 

triangular pit contains edges full composed by Al3+ ions on 

the etching surface so it is more stable than the hexagonal pit 

since whose edges on the etch surface contains Al2+ ions. The 

etch pits developed in manner of kinematic wave by the step 

moving with constant speed controlled by the chemical reac-

tion with activation energy of 96.6KJ/mol between Al2O3 and 

KOH. 

Copyright line will be provided by the publisher  

1 Introduction Sapphire single crystal combines many 

good mechanical and optical properties that make it has 
played an increasingly significant role in engineering and 

science since the twentieth century [1, 2]. Today, Sapphire 

has been applied in the following field: substrates for light-

emitting diodes, projectors, microwave devices, windows 
for civilian and military equipment, et al. [2]. However, 

crystalline defects like dislocation, stack fault would in-

tensely worsen the properties of sapphire. Thus, the char-

acterization of crystalline defects is becoming increasingly 
important [3], leading to the renaissance of wet etch 

method.  

Wet etch is the simplest method to date for elucidating 

the surface defects and the structure symmetry of crystal[4]. 
Its principle is that every crystalline solid in contact with 

proper corrosive liquid etchants undergoes 

decrystallization which always begins at the most active 

points on the surface, such as the places where dislocations 
reach surface[5, 6]. When the decrystallization along 

surface is slower than that along the direction 

perpendicular to surface, etch pit can be observed [5]. 

Always, the shape of crossover section between etching 
surface and defect determines that etch pit corresponding is 

spotted state or linear state[7], and the symmetry of 

structure of etching surface determines the symmetry of 

etch pit. Thus, the density of defect can be obtained by 
counting the etch pits, the type of defect can be analyzed 

by the state of etch pit, the structure symmetry of crystal 

can be analyzed by the symmetry of etch pit. 

In the past several decades, wet etch and etch pits of 
sapphire have been studied by some scientists. They 

pointed out that only a few etchants can be used to develop 

pits at dislocation sits under high temperature for the high 

resistance of sapphire to chemical attack [3]. Those 
etchants are phosphoric acid (H3PO4)[8]，potassium bisul-

fate (KHSO4) [9], borax (Na2B4O7) [3, 10], potassium hy-

droxide (KOH) [10] and 15%HCl+15%HNO3+H2O [1]. 

KOH maybe the most popular for it can almost etch all the 
main crystallographic faces of sapphire. Up to now, trian-

gular[1, 3, 7, 10], hexagonal[1, 3, 7] and quadrilateral[1] 

etch pits have been observed on c-plane {0001} of sap-

phire. On a-plane {11 2 0}, only rhombic pyramidal etch 
pits were observed [3, 9]. On plane {101 1}, the etch pits 

are triangular or rhombic, and hexagonal on plane {1100} 

[7]. However, these results just shown the projection shape 

of the etch pit on the etched surface, the tridimensional 
morphology, so the information coming from the inside of 
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etch pit with which the formation of etch pit could be stud-

ied more intensively, is deficiency. 
In the present work, the etch pit of dislocation on the c-

{0001} plane of sapphire crystal was developed using 

KOH molten and then the tridimensional morphology of 

etch pit was characterized by optical microscopy and laser 
scanning confocal microscopy. Moreover, the etch kinetics 

of etch pit was studied. 

 

2 Experimental Sapphire crystals were grown by the 
sapphire growth technique with micro-pulling and shoul-

der-expanding at cooled centre (SAPMAC)[11] using high 

purity Al2O3 powders (5N). cubic specimens covered with 

c-plane (0001), a-plane (11 2 0) and m-plane (11 00) were 
cut from a sapphire crystal about Ø200×250mm (the 

specimen for revealing the etch pit morphology was cut 

from the region containing tiny bubbles, the specimens for 

studying the kinetics of etch pit were cut from optical 
grade region), and then all the planes were polished to op-

tical grade, namely surface roughness is smaller than 

Rz0.01 and plane misorientation is smaller than 3, 

through chemo-mechanical process with low distribution 
Ø40nm-SiO2 based slurry of PH=11.7 at temperature of 

40℃ and pressure of 0.15MPa. The chemical etch was per-

formed in KOH molten in an Al2O3 crucible. The etch 

temperatures were 320℃ for revealing the morphology of 
etch pit, and 280℃, 300℃ and 310℃, respectively, for 

studying the kinetics of etch pit. While etch, KOH powders 

(99%) and the specimen were separately put in a furnace 

with temperature error ≤1℃ and then heated to the etch 
temperature together, then the specimen was put into the 

KOH molten rapidly and keeping the etch temperature for 

a desired duration, then the specimen was taken out from 

the KOH molten and naturally cooled in the furnace. Next, 
the specimen was treated in dilute HCl (0.5%) and in 

boiling water to remove the residual KOH and any remain-

ing surface film [10], then washed in distilled water for 

30min and desiccated by a blow-dryer. The etch pit was 
observed by means of NOVEl NJF-120A optical micros-

copy and by OLYMPUS 3100 laser scanning confocal 

microscopy (LSCM). 

The etch duration was larger than 30 min for revealing 
the etch pit morphology. During the experiment for study-

ing etch kinetics, the specimen was firstly etched for 5min 

following by etch pit morphology observation, and then the 

same specimen was etched repeatedly for 2min in fresh 
KOH molten, and the etch pit morphology was observed 

after every etch. 

 

3    Results and discussions 
3.1 Etch pit morphology Ref [1] stated that etch pit 

on the C-{0001} plane of sapphire crystal can bear cross 

section with quadrilateral shape besides triangular shape 

and hexagonal shape. In our experiment, only etch pits 
with triangular shape and hexagonal shape cross section 

were observed, as shown in Fig.1. It is indicated that the 

cross section of triangular etch pit is an equilateral triangu-

lar with edges along directions [11 2 0], [ 2 110] and [12 10]. 

The hexagonal etch pit shown a cross section with three 
groups of parallel edges along directions [11 2 0], [ 2 110] 

and [1 2 10], the lengths of two edges in every group are 

different, but the lengths of the long edges as well as the 

lengths of the short edges are equal. These observations are 
consistent with the results obtained by Liu et al.[3].  

Further on, the tridimensional morphology of the etch 

pits were displayed. Most of the triangular etch pits are 

perpendicular pyramid (dotted arrow points in Fig.1a) and 
perpendicular pyramid frustum (solid arrow points in 

Fig.1a), and several of them are oblique pyramid shaped 

pit (dash dotted arrow points in Fig.1a). Besides, no kinks 

on the sidewalls of the etch pits are observed. For the hex-
agonal etch pit, just shallow pyramid frustum was found.  

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 Morphologies of dislocation etch pits on the C-

{0001} plane of sapphire crystal. 
 
Motzer and Reichling [12] have classified the etch pit 

with perpendicular tridimensional morphology as centric 
pit independent of their appearance as pointed or flat bot-

tomed, and stated that centric pit is solely a result of loca-

lized subsurface defects such as, in speculation, single im-

purities, impurity clusters and small dislocation loops or 
vacancy clusters but not of dislocations terminating at the 

surface which was contrarily attributed to the defect source 

of eccentric etch pit, i.e. the oblique pyramid shaped etch 

pit, especially where the dislocation line is believed to be 
incline to the etched surface. However, classical views be-

lieve that centric etch pit is associated with dislocation line 

perpendicular to the etching surface [13-15].   Considering 
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the specimen here for revealing etch pit morphology was 

cut from the region containing bubble defects and the dis-
location line easiest formed in sapphire crystal lies in 

{0001} plane since the basal slip system of sapphire crys-

tal is {0001}1/3[11 2 0 [16], we conjecture the centric etch 

pits observed by us is caused by localized subsurface de-
fects including nano-bubbles and vacancy clusters, at the 

same time, we do not exclude the possibility that some of 

the centric etch pits were related with dislocations because 

sapphire crystal has weak slip systems {1210}[1010[16], 
{10 1 0}11 2 0 and{11 2 0}10 1 0[6] associated with 

which the dislocation line is perpendicular to the {0001} 

plane.  

Ref [12] has called the frustum shaped etch pit as flat 
bottomed etch pit and states that it is a consequence of the 

removing  of localized subsurface defects from crystal, im-

plying that the bottom structure of etch pit is independent 

on the crystal structure and the etching conditions and it is 
reasonable to argue that the point bottomed etch pit and the 

flat bottomed etch pit are same from the point of view of 

indicating the crystal structure and etching conditions. 

Therefore, the tridimensional morphologies of the etch pits 
on the {0001} plane of sapphire crystal are regular triangu-

lar pyramid and hexagonal pyramid with triangular sym-

metry.  

      
3.2 Crystal structure origin of etch pit mor-

phologies It has been shown that the etch pit morpholo-

gies possible formed on the C-{0001} plane of sapphire 

crystal are triangular symmetry, generally corresponding to 
the R3 C symmetry of the lattice structure of sapphire crys-

tal [6]. At atomic scale, the edges of a etch pit on the etch-

ing surface were regarded to be composed by the oxygen 

atoms in directions [11 2 0], [ 2 110] and [1 2 10][3]. In our 
opinion, the C-{0001} plane of sapphire crystal could be 

classified into two kinds of planes, namely oxygen atomic 

plane and aluminium atomic plane since sapphire crystal, 

according to its crystal structure[17], is composed by alu-
minium layer and oxygen layer alternately and the alumin-

ium layers as well as the oxygen layers have same topo-

logical structure in atomic configuration, and the edges of 

etch pits on the {0001} etching surface should be com-
posed by the aluminium atoms since the aluminium ion is 

more stable in chemistry than the oxygen ion. From the 

view of their bond character, every Al
3+ 

ion bonds with 

three O
2-

 ions and every O
2-

 ion bonds with two Al
3+

 ions, 
leading that an Al

3+ 
ion still bonds with two O

2-
 ions after 

losing an Al-O bonding, however, it just leaves one Al-O 

bonding for an O
2-

 ion. Theoretical calculations have 

shown that the energies necessary for removing an Al
3+

 ion 
and an O

2-
 ion from sapphire crystal matrix are 9.1ev and 

3.5ev, respectively[18], and the termination by a single Al 

layer has the lowest energy among the possible {0001} 

surfaces [19-21]. 
Fig.2 gives out the morphology and corresponding 

atomic configuration of the fringe of a etch pit on an alu-

minium atomic {0001} plane of sapphire crystal, which 

indicating that removing an Al
3+

 ion would cause the three 

oxygen atoms bonding with the Al
3+

 ion to become single 
bond ion which can be removed in the following etch, 

leaving behind three aluminium atoms with two bonds in 

the bottom layer, a relatively high stable state of alumin-

ium atom in sapphire crystal, so the O
2-

 ions bonding with 
them can be kept, correspondingly the six aluminium at-

oms adjacent to the removed Al
3+

 ion in the top layer can 

be kept and formed the regular triangular shaped fringe 

with three edges in directions [11 2 0], [ 2 110] and [1 2 10] 
of the etch pit shown in section 3.1.  

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

Figure 2 Schematic showing c) the atomic configuration of a tri-

angular pit formed by removing an [AlO3] group (looped by 

dashed circle) from the aluminium atomic C-{0001} plane, where 

the atomic configuration projected in a) [11 2 0] direction, in b) 

[000 1 ] direction of  the corresponding perfect crystal matrix. 

(crystal structure data coming from Ref[17]) 

 

Fig.1b demonstrates that the short edges of the hex-

agonal pit lies at the location original occupied by the an-
gles of the triangular pit, indicating the short edges is a re-

sult of the un-full development of the angles.  Fig.3 gives 

out the atomic configuration for the hexagonal pit. Because 

several sub-stable aluminum atoms with two Al-O bonds 
do not removed for possible reason, three short edges 

could be formed at the angle locations. With regard to the 

O
2-
 

Al
3+

 in top layer 

Al
3+

 in bottom layer 

a) 

b) 

c) 
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reason causing the Al
2+

 ions not being removed, existing 

references believed that impurities play a significant role, 
especially they are more possibly absorbed by kinks [14] 

so depress the atom removing at kinks. As a consequence, 

the edges composed by the atom at kinks can develop. In 

Fig.3, the Al
2+

 ions not being removed nicely locate at the 
kinks site so the short edges could be formed under the im-

pact coming from impurities.   

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

Figure 3 Atomic configuration of the hexagonal pit on 

the C-{0001} plane of sapphire crystal, where arrows 

indicate the Al
2+ 

ions still staying in the top layer 
 

In deed, here we depicted two relatively high sub-

stable atomic configurations under etching damage for a C-

{0001} plane of sapphire crystal. The configuration of the 
triangular pit is stronger than that of the hexagonal pit in 

stability due to the latter contains Al
2+

 ions in the etching 

surface.  Form the point of view of the periodic bond chain 

theory (PBC theory)[22] and general energy opinion, the 
closed arrangement direction of atoms is lowest in energy 

and corresponds to the PBC direction which is considered 

as the most stable crystal direction in which the edges of 

the most stable etch pit should  lies [14]. In Fig.2 and Fig.3, 
all of the etch pit edges are along the most closed arrange-

ment directions [11 2 0], [ 2 110] and [1 2 10], the atomic 

configurations are high sub-stable. However, the configu-

ration of the hexagonal pit is less stable than that of the tri-
angular pit owing to the Al-O bonds composing the short 

edges have become weaker for containing Al
2+

 ions. 

In practice, the etch pit will ceaselessly grow by the 

atomic removing of the etchant. We just can observe the 
atomic configuration with longest living time, which right 

is the basic principle of the Monte Carlo simulation of etch 

pit morphology[23]. Obviously, the more stable triangular 

configuration would have longer living time than the hex-
agonal configuration, in that the triangular etch pit should 

be observed more, this has been indicated in the etch mor-

phology revealing experiment.  

In the above idea, we believed that three oxygen atoms 
would easily be removed when the aluminium atom bond-

ing with them is removed by etchant, after that a relatively 

stable atomic configuration forms, implying the etching of 

sapphire crystal could be deemed as a chemical course ac-

complished by the removing of group [AlO3].  Actually, 
the Ab initio study has shown that the [AlO3] group plays a 

great role in the interaction of water with the aluminium 

terminated {0001} sapphire crystal surface[24].  

According to the relatively stablest atomic 
configuration of etch pit shown in Fig.2, a conclusion can 

be drawn that the side walls of the etch pit should go 

through the Al
3+

 ions and Al
2+

 ions adjacent to the 

removed [AlO3] group, as shown in Fig.4. These planes 
belong to the {110 2 } family based on the crystal structure 

of sapphire and the angles between them and the {0001} 

plane are 57.6, which is consistent with the measurement 

result in the etch kinetics experiments shown in the 
following section 3.3. 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
Figure 4 Schematic showing the atomic configuration 

of the predicted side walls of regular triangular pyra-

mid shaped etch pit on the C-{0001} plane of sapphire 

crystal.  
 

3.3 Kinetics of etch pit development Fig.5 lists the 

morphologies (observed by LSCM) of a etch pit undergo-

ing different etch durations in 280℃ KOH molten, where 
the etch pit morphologies before 15min were not shown 

since they were too small to be detected clearly and the 

contrast and brightness of some images have been adjusted 

generally. Generally, the etch pit kept a morphology be-
tween the regular triangular pyramid and the hexagonal py-

ramid. Fig.6 exhibits the vertical sections of the etch pit at 

different durations, showing that the etch pit is flat bot-

tomed and the side wall was flat plane during the etching. 
Further measurements of the angle of the right side wall 

with respect to the flat bottom paralleling to the {0001} 

etching surface illustrated the angle varied little around an 

average value 57.2 (Fig.7) which agreed with the angle 
(0001)∧(11 0 2 ) mentioned in section 3.2, indicating the 

side walls of regular triangular pyramid shaped etch pit 

certainly belong to the {110 2 } family, a relatively closed 

packed crystal plane of sapphire crystal. 
 

 

 

O
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 Al

3+
 in top layer Al
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Figure 5 Etch pit morphologies developed in 280℃ KOH 
molten after different etch durations (scale bars not indicated 

represent 400nm).  

 

 
 

 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

Figure 6 Etch pit morphologies after different etch durations  
        

The inclining angle of the side walls did not change 

during the etching, on the other hand, implies that the etch 

was accomplished through the travel of step in kinematic 
wave[14].  In the context of kinematic theory of etching, a 

schematic showing the etch pit development was plotted as 

Fig.8, where vm represents etching speed of the etching sur-

face, vD is the measured travelling speed of the pit edge, vs 

indicates the travelling speed of the steps. t is the etching 

duration between two times of measurements and  is the 

inclining angle of the spatial trace of the pit edge with re-

spect to the etching surface. A relation among vm, vD and vs 
thus can be derived as following 
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Fig.9 gives out the distances of the edges with respect 
to the gravity centre (considered as a fixed point) of the 

etch pit.  It can be seen that the distances nearly bear linear 

relations with etch duration, means the edges taken on con-

stant travelling speeds which are 7.74nm/min and 
3.97nm/min respectively for the short edges and the long 

edges on average. As a result, the spatial trace of the pit 

edge should be a line (=constant); the travelling speeds of 

the steps were constant; the etching speed of the etching 
surface was a constant. 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
Figure 7 Inclining Angle of the right side wall with respect 

to the {0001} etch surface. 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

Figure 8 Kinematic wave development of the etch pit. 
 

According to Refs [25] and [26],  the step travelling 

speed of dislocation etching takes a Arrhenius relationship 

with etch temperature. That is  
 

                                                                                  (2) 

Where A is a frequency factor independent on the etch 

temperature T,  E is the activation energy and K indicates 
the Boltzmann constant, 1.38 × 10

-23
 m

2
 kg s

-2
 K

-1
.  Substi-

tute vs in Eq.2 by Eq.1, we have  

  

                                                                                         (3) 

 
Now we give out the distances of the edges with re-

spect to the gravity centre of the etch pits developed in 

300℃ and 310 ℃ KOH molten as shown in Fig10 (the 

etch pit morphologies for 300℃ and 310 ℃ are shown in 
Fig.A1 and Fig.A2, respectively, see the appendix).  The 

distances similarly bear linear relation with the etch dura-

tion and corresponding fitted travelling speeds are 

6.98nm/min and 12.25nm/min, respectively for the etching 
at 300℃ and 310 ℃. On the basis of Eq.3, dots showing 

(T
-1

, lnvD) were plotted in Fig.11, illustrating they lie 

around a line expressed as lnvD=-11627 T
-1

-2.46 by fitting. 

Consequently, the activation energy of the etching could be 
obtained as 96.6KJ/mol, which implys the etching speed 

for our experiment is controlled by the chemical reaction 

between Al2O3 and KOH but not by the diffusion of the 

reactants or  the reaction productes [14].  
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

Figure 9 Distances of the edges with respect to the gravity 

centre O of the etch pit (etch temperature was 280℃).  
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Figure 10 Distances of the edges with respect to the gravity 

centre O of the etch pits developed at 300℃ and 310℃. 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

Figure 11 Fitting line showing relation of lnvD and T-1  

 

4 Conclusions The present work experimentally 

studied the tridimensional morphology and kinetics of etch 

pit on the C-{0001} plane of sapphire crystal (-Al2O3) in 
KOH molten. The results indicates that the tridimensional 

morphologies of etch pits on the {0001} plane of sapphire 

crystal show triangular symmetry consistent with the crys-

tal symmetry of the sapphire, including regular triangular 
pyramid and hexagonal pyramid. They contain flat side 

walls belonging to the {110 2 } family and <11 2 0> family 

edges on the etching surface. However, the triangular py-

ramid etch pit should be more stable than the hexagonal 
pyramid etch pit since the former full composed by Al

3+
 

but the latter contains Al
2+

 on etching surface at atomic 

scale. As a result, the former would be observed with more 

possibility in practice.  
Experiments shown that the etch pit developed during 

etching in manner of kinematic wave, which was, moreo-

ver, accomplished by the constant speed travelling of steps 

in fresh KOH molten. The travelling speed bear an Arrhe-
nius formatted relation with the etch temperature, corres-

ponding activation energy is 96.6KJ/mol, showing the 

etching is controlled by the chemical reation of Al2O3 and 

KOH.   
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Figure A1 Etch pit morphologies in 300℃ KOH molten af-

ter different etch durations 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

Figure A2 Etch pit morphologies in 310℃ KOH molten af-

ter different etch durations 
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