
 

1 

DELINEATION OF SUBSURFACE DAMAGE IN SAPPHIRE SUBSTRATE BY LOW 
TEMPERATURE WET ETCHING TECHNIQUE 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

GWANGWON LEE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A THESIS PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
MASTER OF SCIENCE 

 
UNIVERSITY OF FLORIDA 

 
2012 



 

2 

 

 

 

 

© 2012 Gwangwon Lee 
 

 
  



 

3 

 

 

 

 

To Mom and Dad 
 

 



 

4 

ACKNOWLEDGMENTS 

I appreciate my advisor, family members, colleagues, and friends whose support 

made my master degree in the United States. 

At this time, I would like to thank Dr. Rajiv K. Singh for his guidance as an advisor. 

To my committee members, I thank Dr. Stephen Pearton and Dr. Brij M. Moudgil for 

their endless support. In addition, I would like to mention the faculty and staffs at the 

particle engineering research center and the major analytical instrumentation center, 

especially Dr. Kevin Powers, Dr. Kerry Siebein, and Eric Lambers for the training 

chances of equipments. 

I am deeply honored to my family for all their help which have truly made it 

possible to reach the goal of life. Especially, I would like to thank my grandmother, Doori 

Lee, for her lessons and encouragements which gave me inspiration. I also would like to 

thank my grandmother and grandfather on my mother’s side. From bottom of my heart, I 

sincerely thank my mom and dad, Jungsook Lim and Sangho Lee, for their great love. I 

also thank my brother’s family, Kwangmin Lee and Yousun Kim, for their affection gave 

me everything to overcome hardships.  

I could complete this study with Dr. Purushottam Kumar for his core idea, Jungbae 

Lee for his valuable training, Jinhyung Lee for his research leadership, Shaoyu Chang 

for his generous discussions, Minfei Xu for her activeness, and Jongcheol Kim for his 

passion and sprits. Moreover, I thank to my seniors and friends, Kyeongwon Kim as a 

swimming partner, Sunhoo Kim for the Starbucks coffee, Sungwook Min for the 

brightness, Sangjun Lee for the seaweed birthday soup, Wooram Youn for his priceless 

support at the beginning in Gainesville, Hyuksu Han for his freedom, Eunhee Youn for 

the soybean paste soup, EunJu Cho for the BBQ, Changwoo Jee for the warming heart 



 

5 

and encouragement. Especially, I thank Jaehan Jung who gave me ultra sense of 

kinship and superior grand thank Aekyung Jung, who is always on my side, upgrade my 

soul to the perfection. I could not go further without her affection and intimacy. I want to 

express very special thank Minki and Sanki’s mom and dad. Sunjoo Park helped me at 

my first time in Brookfield. My roommate Vishal Vahia, funny counselor living next door 

in my house, gave me humanistic viewpoint of life.  

Finally, I thank Dr. Antural, Dr. Nongmoon Hwang, Dr. Cheolsung Hwang, Dr. 

Youngae Jeon who supported my application as a recommendation provider. 

 



 

6 

TABLE OF CONTENTS 
 
 page 

ACKNOWLEDGMENTS .................................................................................................. 4 

LIST OF TABLES ............................................................................................................ 8 

LIST OF FIGURES .......................................................................................................... 9 

ABSTRACT ................................................................................................................... 10 

CHAPTER 

1 INTRODUCTION .................................................................................................... 12 

Motivation ............................................................................................................... 12 
Objectives ............................................................................................................... 13 

2 BACKGROUND ...................................................................................................... 14 

Properties of Sapphire ............................................................................................ 14 
Physical Properties ........................................................................................... 14 
Chemical Properties ......................................................................................... 14 

Subsurface Damage ............................................................................................... 15 
Chemical Mechanical Planarization ........................................................................ 16 

3 LOW TEMPERATURE WET ETCHING OF SAPPHIRE TO REVEAL 
SUBSURFACE DAMAGE LAYER .......................................................................... 19 

Introduction to Subsurface Damage ....................................................................... 19 
Methods .................................................................................................................. 20 
Results and Discussion........................................................................................... 20 
Summary of Subsurface Damage ........................................................................... 23 

4 EFFECT OF LAPPING PARTICLE SIZE ON THE THICKNESS OF SUB-
SURFACE DAMAGED LAYER IN SAPPHIRE ....................................................... 31 

Introduction to Thickness of Subsurface Damaged Layer....................................... 31 
Methods .................................................................................................................. 32 

Sample Preparation .......................................................................................... 32 
Thickness Measurement .................................................................................. 32 

Results and Discussion........................................................................................... 33 
Summary of Thickness Measurement..................................................................... 34 

5 CONCLUSIONS ..................................................................................................... 39 

LIST OF REFERENCES ............................................................................................... 40 



 

7 

BIOGRAPHICAL SKETCH ............................................................................................ 43 

 
 



 

8 

LIST OF TABLES 

Table  page 
 
3-1 Lists of AFM evaluation on various etchants and temperatures ......................... 30 

4-1 The detailed lapping and CMP conditions .......................................................... 38 

 
 



 

9 

LIST OF FIGURES 

Figure  page 
 
2-1 Aluminum oxide (Al2O3) structure. ...................................................................... 17 

2-2 Schematic diagram of CMP ................................................................................ 18 

3-1 Lapped (0.25μm) RMS roughness 3nm with maximum indentation depth 5nm . 25 

3-2 Polished with Silica 30% 80nm with RMS roughness 1.3nm .............................. 26 

3-3 Results of material removal rate on various etchants ......................................... 27 

3-4 Scratch lines revealed after etching in 3:1 volume mixture of 3H2SO4:1H3PO4 
at 75 -100°C ....................................................................................................... 28 

3-5 Scratch lines revealed after etching in H2SO4 at 125°C...................................... 29 

4-1 Schematic of damaged layers in sapphire .......................................................... 35 

4-2 RMS roughness during process ......................................................................... 36 

4-3 Thickness of damaged layers lapped by 1μm diamond particles ....................... 37 

 
 

  



 

10 

Abstract of Thesis Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Master of Science 

 
DELINEATION OF SUBSURFACE DAMAGE IN SAPPHIRE SUBSTRATE BY LOW 

TEMPERATURE WET ETCHING TECHNIQUE 

By 

Gwangwon Lee 
 

May 2012 
 

Chair: Rajiv K. Singh 
Major: Materials Science and Engineering 
 

Sapphire wafer is the most common substrate for growth of GaN epi-layer. It is 

used in light emitting diodes, high power and high temperature transistors. Sapphire 

wafer is prepared by sawing, grinding, and lapping of crystalline sapphire followed by 

chemical mechanical polishing to produce epi ready wafers. Epi-ready sapphire wafers 

should be oriented, ultra-planar, and sub-surface damage-free to achieve good quality 

epitaxial film. Removal of sub-surface damage, which adversely affects the device 

properties, is very critical for reducing the defect density in epitaxial film. 

Typically, techniques like, TEM, XRD, Raman-Spectroscopy have been used to 

measure subsurface damage. These techniques are expensive and require special 

skills or needs of cumbersome sample preparation. In this study we have demonstrated 

new technique which has benefits of non-destructive, simple process, low cost, large 

area coverage based on low temperature wet etching. 

Sapphire subsurface damage in epi-ready sapphire wafer was induced by lapping 

with 0.25μm and 1μm diamond particles. Thereafter CMP was used to polish the wafer. 

Low temperature wet etching in different acids were performed to reveal the sub-surface 
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damage. Sub-surface damage manifested as scratches in the AFM images. Weight loss 

measurement was done to calculate the removal rate and etch rate. 

Sub-surface damage could be revealed by etching in 3:1 volume mixture of H2SO4 

and H3PO4 at temperatures 75°C-100°C and also in H2SO4 at a temperature of 125°C. 

At critical temperature, there was no significant bulk etching of sapphire. The lapping 

induced damaged layer can be observed into two layers; heavily damaged layer and 

lightly damaged layer. Heavily damaged layer accompany surface scratches during 

CMP. No etching was required to distinguish scratches. In lightly damaged layer, 

etching was required to reveal damage in form of scratches in AFM image. Heavily 

damaged layer of 1.67 μm ±0.1 lightly damage layer of 2.24 μm ±0.15 were induced by 

1 μm diamond particles. 
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CHAPTER 1 
INTRODUCTION 

Motivation 

Sapphire, which is a single crystal form of α-alumina, is an important ceramic 

material used widely in a range of applications such as optics, electronics, and 

temperature sensing. In the first step of fabrication, sawing, grinding, lapping and finally 

CMP processing are used. In many of these steps, strict surface quality requirements 

are needed. Especially, subsurface damage is the important role in quality of sapphire. 

Fine surface machining and polishing of sapphire for opto-electronic applications may 

have major fraction in the total cost. The use of chemically assisted polishing 

techniques such as chemical mechanical polishing (CMP) may produce high quality 

surface finishes at low cost and with fast material removal rates [1]. 

Subsurface damage is generated in manufacturing processes directly influences 

performances of optical devices. To simple, non-expensive detecting method is needed. 

Furthermore, size of wafers has been increasing to response the demand of mass 

production. In the end, simple, non-expensive, and large area inspection techniques are 

required. 

Speaking generally, evaluations of qualities of wafer fall into two categories: 

destructive and non-destructive evaluation [2]. The destructive methods can measure 

subsurface damage precisely and quantitatively and can provide useful information on 

the specimens being tested such as TEM [3], but they may be time-consuming and 

inevitably alter or even destroy the finished surface of the samples. Consequently, the 

samples may be unusable and the cost of production may be raised. Another drawback 

to destructive methods is statically meaningful data and it is unlikely to inspect every 



 

13 

sub-area of the finished optics. Thus the subsurface damage of measured sub-area 

may not fully reflect the characters of the whole sample. Therefore, non-destructive 

means were put forward to examine optical components quickly without damaging 

samples. Many practical methods were introduced over the last several decades; these 

techniques such as XRD [4], Raman spectroscopy [4] work well for specific materials 

and fabrication processes. Nonetheless, the non destructive measurements have 

obvious limitations: they are generally quite operator dependent; they sometimes 

provide only qualitative data. The measurements are usually expensive and the 

mechanisms are rather complicated.  

In this paper, we developed advanced non destructive method which is not 

expensive, simple, and suitable for large area. To reveal subsurface damage with CMP 

and low temperature wet etching on sapphire substrate, we investigated at different 

etchants and effective temperatures to reveal the sub-surface scratch lines. H2SO4, 

H3PO4, and a 3:1 volume mixture of H2SO4:H3PO4 as a function of temperature was 

used.  

Objectives 

The objectives in this thesis are as follows: 

• To reveal sub-surface damaged area by low temperature wet etching technique 

• To calculate the thickness of sub-surface damage layer by weight loss 

The first objective was achieved by low temperature wet etching which we 

developed. It was achieved by H.C. Starck Levasil 100K-V1/30% 80nm silica slurries 

and TEGRA POL-5 polisher with atomic force microscopy Dimension3100 and a 

software WsxM [5] for characterization. The second objective was achieved by weight 

loss measurement after CMP.
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CHAPTER 2 
BACKGROUND 

Properties of Sapphire 

Physical Properties  

Sapphire, aluminum oxide (Al2O3), is an electrical insulator but has a relatively 

high thermal conductivity for a ceramic material. It is most commonly occurring 

crystalline form, called corundum or α-aluminum oxide. Metallic aluminum is very 

reactive with atmospheric oxygen, and a thin passivation layer of aluminum oxide (4 nm 

thickness) forms in about 100 picoseconds on any exposed aluminum surface [6]. This 

layer protects the metal from further oxidation. Figure 2-1 shows that crystal structure of 

sapphire. It has three distinctive planes which have various application to grow epi-

layers such as GaN . Si, and superconducting materials.  

Chemical Properties 

The oxygen ions nearly form a hexagonal close-packed structure with aluminum 

ions. An understanding of ionic structure of sapphire is essential for aqueous corrosion 

in sapphire. CMP and etching are related with the chemical reaction of its environment. 

During CMP, sapphire reacts with water and forms the hydrates of sapphire. The 

hardness of such hydrates is lower than silica slurry and sapphire. This is the reason 

why silica, which is softer than sapphire, could remove the sapphire. Chemical reactions 

were founded in literature review [7].Below is the possible surface reaction on sapphire 

without silica. 

Al2O3 + H2O ↔ 2AlO(OH)                                           (2-1) 

Al2O3 + 3H2O ↔ 2AlO(OH)3                                         (2-2) 

Al2O3 + OH- ↔ 2AlO- + H2O                                        (2-3) 
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Al(OH)3 + OH- ↔ AlO- + 2H2O                                      (2-4) 

Below is the well known surface reaction with silica [8]. 

Al2O3 + SiO2 → Al2SiO5                                           (2-5) 

 As usual, higher pH value is beneficial to chemical reaction. With pH value 

elevating, the silica abrasive will begin to accumulate. The accumulates can action pad 

jamming, which interfere the slurry transfer and result in chemical reaction to be slower, 

removal rate to decrease and surface level to be down [7]. 

In etching reaction, etch rate is the highest with 3:1 volume mixture of H2SO4 and 

H3PO4. The mechanism was suggested by literature review [9]. At first period of reaction, 

Al2O3 dissolved efficiently during 0-75% volume fraction increasing. It is caused by 

attacking of sulfate ions of H2SO4 to Al-O bonding. However, during 75-100% volume 

fraction of H2SO4 decreased the dissolve reaction because insoluble products dominant 

result in limiting the etching rate of sapphire. 

H2SO4 ↑ → Al2(SO4)3∙17H2O (insoluble in water)                      (2-6) 

Phosphoric acid helped the dissolve reaction because phosphate anion is more 

electrophilic than sulfate anion and forms the soluble products easily. 

H3PO4 ↑ → Al(H2PO4)3 and AlPO4 (soluble in H3PO4)               (2-7) 

Subsurface Damage 

The relatively larger-abrasive grinding of materials usually causes two damaged 

layers one is cracked layer on the top layer and other is subsurface damage which 

usually takes the form of micro cracks underneath the surface. Sub-surface damage 

could weaken the strength of material. The electric field inside the cracks serve as a 

reservoir could be enhanced and adversely influence the materials [2]. 
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Chemical Mechanical Planarization 

Figure 2-2 shows schematic diagram of CMP [10]. CMP has become one of the 

integrated operations of semiconductor manufacturing and has lead to the development 

of next-generation nano-scale devices.  

Mechanical grinding alone may theoretically achieve planarization but the surface 

damage is very high as compared to CMP. Chemistry alone, on the other hand, cannot 

attain planarization because most chemical reactions are isotropic. Combination of 

mechanical and chemical have been yielded better results all the time. CMP process 

produces both global and local planarization by combining chemical and mechanical 

interactions using slurry which is composed of chemicals and nanoparticles.    
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Figure 2-1. Aluminum oxide (Al2O3) structure. 
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Figure 2-2. Schematic diagram of CMP 
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CHAPTER 3 
LOW TEMPERATURE WET ETCHING OF SAPPHIRE TO REVEAL SUBSURFACE 

DAMAGE LAYER 

Introduction to Subsurface Damage 

Sapphire is the most common substrate for growth of GaN based epitaxial films for 

light emitting diodes. The potential of LED based solid state lighting source to provide 

an efficient alternative to typical lamp used for general lighting has led to wafer research 

and commercial activity in recent years.  

The size of sapphire wafer also increased from 2 inch diameter to 10 inch wafer. 

Ultra-planar, good-quality sapphire wafers are obtained by sawing single crystal 

sapphire boule followed by its grinding lapping and chemical mechanical polishing. In 

the surface preparation by grinding and lapping progressively small size abrasives are 

used to remove the damage from previous step and also reduce the thickness of 

damaged layer in the current step. Chemical mechanical polishing is used as a final 

surface preparation step to remove the surface and sub-surface damage.  

After final lapping process, chemical mechanical polishing used to be finishing by 

using softer abrasive particle and chemical effect to polish the wafers without inducing 

damage of its own. Thus, determination of CMP time and thickness of damaged layer 

result from previous process is important role in optimization finishing process of 

materials. 

Several techniques have been used to characterize the surface damage of 

sapphire wafers. AFM is used for surface scratches and roughness measurement, TEM 

[3], XRD [4], Raman [4] has been used to measure damage in the sub-surface layer. 

These equipments apart from being expensive, and require skillful operation, 

cumbersome sample preparation, and small area techniques.  
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In this chapter, we have investigated a low temperature wet etching based process 

to reveal subsurface damage in sapphire substrates. We have studied different etchants 

both acidic and basic to reveal damaged layer. Most of the studies in literature using 

these solvents have been done to determine the bulk etch rate of sapphire at high 

temperature. Low temperature wet etching for subsurface damage revealing has been 

demonstrated as a developed technique in this study. 

Methods 

An epi-ready C-plane (0001), sapphire wafer was lapped with 0.25 μm diamond 

particle for 1hr using a Tegra Force-5 polisher at a pressure of 60psi, linear velocity of 

1m/s, and lapping with diamond particle induced both surface and sub-surface damage. 

There after the wafer was polished with 80nm silica slurry. The surface was 

characterized using atomic force microscopy (Dimension 3100).The removal rate during 

lapping, polishing and etching was determined using weight loss measurements after 

removal of the surface scratches the wafers were etched in different etchants (H2SO4, 

H3PO4, 3:1 volume mixture of 3H2SO4:1H3PO4, HCl, HNO3, KOH solution) at different 

temperatures. The etchant was heated in a quartz beaker using a hot plate. The 

temperature was measured using a thermometer. Every experiment was repeated at 

least three times. After etching, the sapphire wafers were cleaned using acetone, 

methanol and DI water by sonication for 20mins respectively. Pad was changed after 

lapping process. In etching experiments, two sides of wafer were exposed by etchants 

during the process. One side was not protected by coated film. 

Results and Discussion 

Figure 3-1 shows a typical AFM image of sapphire surface along with a line profile 

after lapping with 0.25μm diamond particles. It shows abrasive induced scratch running 
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across the image. The line profile shows the depth of these scratches. 0.25 μm particle 

was observed to induce surface scratch with depth of < 5 nm. The RMS roughness of 

sapphire after lapping was 3 nm. The wafer was polished using 30% 80nm silica 

particles. Even though the surface scratches had a depth of < 5 nm, the wafer was 

polished to remove deeper than the layer to clear the surface scratches. During CMP, it 

produces dimples on the scratches.  

Figure 3-2 shows the AFM image of sapphire wafer after polishing with surface 

roughness 1.3nm. The continuous surface scratches were observed to be removed. 

The comparison between scratches in Figure 3-1 and Figure 3-2 indicates to a 

roughness drop from heavily damaged to lightly damaged layer. Since the lightly 

defective region underneath the surface scratch had a small roughness change it 

continuously appeared until defect revealing completed, where it could no longer be 

differentiated using CMP. Even though CMP shows a planar scratch free surface, it is 

typically very well known that the damage layer runs much deeper. This has normally 

been referred to sub-surface damaged layer. The damaged layer is typically reported to 

be 3-5 times the particle size used during lapping [2]. Thin sample which has all surface 

scratches removed was etched in different etchants to reveal subsurface damage. Even 

though the reactivity of the damage region has reduced, it can still be expected to have 

higher reactivity than pristine regions. Table 3-1 shows the etchants that were used in 

this study. Sapphire wafer has been known to etch in H2SO4, H3PO4 and 3:1 volume 

mixture of H2SO4 and H3PO4 solutions at high temperatures. We used low temperature 

range to reveal sub-surface damage. 
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Figure 3-3 Shows the etch rate of sapphire in traditional etchants at different 

temperatures. It can be seen from the figure that there is negligible etching rate below 

100°C. The etching experiments were done for 1hr and removal determined by weight 

loss measurement. The weight of the sample was formed to be same when etched at 

temperature lower than 100°C even after 1hr of etching. Sapphire wafer with subsurface 

damage was etched at a temperature of 25°C (Room Temperature), 50°C, 75°C and 

100°C. In this experiment, etching rate was not accurate for determining etching rate 

exactly because one side of wafer was not protected by coated film in the experiment. 

Even though it cannot show the exact etching rate, it could show that negligible etching 

rate was observed at below 100°C. 

Figure 3-4 shows the image and line profile of AFM result of the surface after 

etching. The line profile does not show any distinct dimple at scratch lines. The depth of 

the scratch line has same amplitude as the adjoining areas. The scratch lines were 

visible in the AFM image. At this temperature, the etch rate of sapphire has been 

formed to be negligible. The AFM image shows that 3:1 volume mixture of H2SO4 and 

H3PO4 in the temperature range below 100°C does not even etch defect areas apart 

from the top atomic layers. Etching for longer dissolution of time for 30mins did not 

change the surface. So etching loss does not need to be considerable for weight loss 

measurement. 

Figure 3-5 shows the sapphire wafer etched at minimum temperature for detecting 

subsurface damage at 125°C in H2SO4 revealed the scratches. H2SO4 needed higher 

temperature than 3:1 volume mixture of H2SO4 and H3PO4. 
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The mechanism of etching of sapphire [9] has been suggested to be formation of 

Al2(SO4)3 which is insoluble but substituted to the chemicals which could been dissolved 

in the presence of H3PO4. The continuous formation and substitution of Al2(SO4)3 in 3:1 

volume mixture help the dissolution in etching solution. Phosphoric acid helped the 

dissolve reaction because phosphate anion is more electrophilic than sulfate anion and 

forms the soluble products. 

H3PO4 ↑ → Al(H2PO4)3 and AlPO4 (soluble in H3PO4)               (2-7) 

In H2SO4 solution, the etching rate has been reported to be lower. Formation of 

Al2(SO4)3 crystalline on the surface of sapphire has also been reported which hinders 

further etching of sapphire. 

H2SO4 ↑ → Al2(SO4)3∙17H2O (insoluble in water)                      (2-6) 

 The sub-surface revelation of 125°C using H2SO4 is similar to that using 3:1 

volume mixture of H2SO4 and H3PO4 at 75-100°C 

Summary of Subsurface Damage 

In this study, we have investigated low temperature etching using different acids to 

reveal subsurface damage in sapphire. Sub-surface damage in sapphire was created by 

lapping with diamond particles. The surface scratches were removed by chemical 

mechanical polishing using silica particles.  

The 3:1 volume mixture of 3H2SO4:1H3PO4 and H2SO4 showed subsurface 

damage at etching temperature of 75-100°C and above 125°C respectively. The 

subsurface damage reveal as scratch lines in AFM image. These scratch lines were 

very shallow < 5 nm in depth. Etching at these temperatures removed the damage lines 

of atomic layers and gain negligible etching rate. Low temperature etching to reveal 
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subsurface damage is an easy way. It can be alternative conventional techniques such 

as XRD, Raman, and TEM. 
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Figure 3-1. Lapped (0.25μm) RMS roughness 3nm with maximum indentation depth 
5nm 
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Figure 3-2. Polished with Silica 30% 80nm with RMS roughness 1.3nm 
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Figure 3-3. Results of material removal rate on various etchants 
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Figure 3-4. Scratch lines revealed after etching in 3:1 volume mixture of 
3H2SO4:1H3PO4 at 75 -100°C 
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Figure 3-5. Scratch lines revealed after etching in H2SO4 at 125°C 
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Table 3-1. Lists of AFM evaluation on various etchants and temperatures 
Etchant Temperature AFM Evaluation 
H3PO4 RT - 100°C No Scratches Revealing 
H2SO4 RT - 75°C No Scratches Revealing 
H2SO4 125°C Reveal Scratches 
3H2SO4:1H3PO4 RT - 50°C No Scratches Revealing 
3H2SO4:1H3PO4 75-100°C Reveal Scratches 
HNO3 RT - 100°C No Scratches Revealing 
HCl RT - 100°C No Scratches Revealing 
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CHAPTER 4 
EFFECT OF LAPPING PARTICLE SIZE ON THE THICKNESS OF SUB-SURFACE 

DAMAGED LAYER IN SAPPHIRE 

Introduction to Thickness of Subsurface Damaged Layer 

Sapphire wafer preparation process involves sawing of single crystal, grinding, 

lapping and chemical mechanical polishing of wafer surface. Grinding used large, ultra 

strong abrasive particles which induce heavy damage to the surface of wafers, which 

are very deep beneath the surface. The damaged layer is removed during subsequent 

lapping step which are progressively smaller abrasive sizes than grinding. The size of 

ultra strong abrasive (e.g. diamond) during grinding and lapping in optimized to reduce 

the overall cost and time required to remove both surface and sub-surface damage 

layer the wafer. Table 4-1 shows the optimized conditions of lapping and polishing 

conditions in this study. 

Figure 4-1 shows the schematic of the cross-section of a wafer with different sub-

surface damage layers. The surface and sub-surface damage can be divided into 3 

layers: 1) surface crack 2) heavily damaged layer in which the damaged region show 

higher polish rate during CMP 3) sub-surface damaged layer which is not delineated 

during CMP but requires etching using concentrated acids at elevated temperatures as 

discussed in chapter 3. These damaged layers are harmful to the defect-free growth of 

epitaxial layer. It is difficult to determine the thickness of these damaged layers. So 

research interests have been focused on measurements and treatments of subsurface 

damage [11-24] Cross-sectioned TEM [3] can be used, to a certain extent, to determine 

the damaged layer. Other techniques e.g. cross sectional XRD [4], Raman [4] at give 

only qualitative results. 
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In this chapter, we have used CMP, along with etching to determine the thickness 

of sub-surface damaged layer. The damage region showed scratch lines which were 

characterized by using AFM. The thickness of various damaged layers was determined 

by weight loss of the samples lapped by 1μm diamond particles. 

Methods 

Sample Preparation 

Epi ready sapphire wafers were lapped for 1hr using 1μm diamond particles 

lapping was done using Tegra Force 5 polisher at a pressure of 6psi and 1m/s linear 

velocity. AFM Dimension 3100 was used to characterize the surface. Removal rate was 

calculated using weight loss measurement. The density of sapphire was taken at 

3.97g/cm3. 2-inch wafer was polished for these experiments. The flat cut of the 2-inch 

wafer was ignored for area calculation. Weight loss measurement and AFM 

characterization was done after every 30mins of polishing. Polishing was done using 30% 

80nm Silica particles. Politex pad were used polishing. The slurry was flowed at 

10ml/min. The slurry pH was 11±0.1. The removal rate of sapphire was 0.7μm/hr. In 

each polishing 0.35μm of material was removed. Etching to reveal defects was done 

after CMP  

Thickness Measurement 

By using sapphire theoretical density 3.97 g/cm3 

ρ = Mass/Volume = Δw [g] / (Area [cm2] X Thickness [cm])                 (4-1) 

Thickness = Δw [g] / (Area [cm2] X ρ [g/cm3])                           (4-2) 

By definition of Material Removal Rate, 

Removal Rate [cm/s] = ΔThickness [cm] / Δt [s]                                       (4-3) 

Removal Rate [cm/s] = Δw [g] / (Area [cm2] X ρ [g/cm3] X Δt [s])             (4-4) 
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Removal Rate [cm/s] = Δw [g] / (Area [cm2] X 3.97 [g/cm3] X Δt [s])             (4-5) 
 

Results and Discussion 

Figure 4-2 shows the decrease in the RMS roughness as a function of polishing 

time also after etching. The RMS roughness is 3nm after lapping with 1μm diamond 

particles. The RMS roughness decreased steeply as the sample was polished with silica 

particle. Silica particles are softer than sapphire in hardness and does not cause any 

damage during polishing.  

It has been generally suggested that during polishing silica particle react with 

sapphire to form alumina-silicate layer which is then mechanically removed [8]. This 

phenomenon is different from conventional CMP concept when the chemical in the 

slurry reacts with the surface to form a modified layer. 

Al2O3 + SiO2 → Al2SiO5                                           (2-5) 

The removal rate of sapphire observed in this slurry is similar to that reported in 

literature [8]. The depth of the scratch line after lapping was ≤ 5 nm, where the 

roughness was 3nm. Initially the roughness decreased steeply to 1.5 nm. The RMS 

roughness using in AFM also depends on the scan size. In this study, the typical scan 

area was 100 μm × 100 μm. The depth of the scratches also reduced from ≤ 0.5 nm to 

≤ 5 nm. The scratches that were delineated because of higher removal rate at defect 

sites during CMP had a depth of 0.5 nm. Since the scratch lines only a very small 

fraction of the total area, it has the very limited effect on the overall roughness values. In 

addition, the scratches are also very shallow in nature (≤ 0.5 nm) after CMP. The 

change in RMS roughness after the initial CMP is very small. The RMS roughness of 

5×5 μm2 area is the range of 0.1-0.2 nm.  
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Figure 4.3 describes the thickness of heavily damaged sub-surface damaged layer. 

The material removal after lapping till the surface stopped showing scratches in the 

AFM after CMP constituted the heavily damaged region 1.6 ± 0.1 μm. Thereafter 

etching at 3:1 volume mixture of H2SO4 and H3PO4 was done to reveal scratches. The 

thickness of the sapphire removed until the removal of these scratch lines after etching 

constituted subsurface damage 2.2 ± 0.15 μm. Sapphire was removed to get a smooth, 

scratch-free surface. The total removal after lapping was 3.8 ± 0.25 μm which is 4 times 

the size of diamond particle, 1 μm, which we used during lapping. It is typically known 

that the damage layer is 3-5 times larger than the particle size [2]. The sub-surface 

damaged layer was greater than the heavily damage layer. 

Summary of Thickness Measurement 

The thickness of surface and sub-surface damaged layer in sapphire was 

calculated when lapping was done using 1μm diamond particle. The determination was 

done using a combination of CMP, etching and AFM techniques. The heavily damaged 

layer and lightly damaged layer which we called subsurface damaged layer were found 

to be 1.6 ± 0.1 μm and 2.2 ± 0.15 μm respectively. The total damage layer thickness 

was approximately 4 times of the lapping particle size.  
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Figure 4-1. Schematic of damaged layers in sapphire 
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Figure 4-2. RMS roughness during process 

  



 

37 

 

Figure 4-3. Thickness of damaged layers lapped by 1μm diamond particles 
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Table 4-1. The detailed lapping and CMP conditions 
Process Conditions 

Lapping Abrasives BUEHLER Diamond Suspension, 0.25μm and 1μm 
 Abrasives feeding was 5 streams per every 5 mins 
 Holder and grinder rotational direction was same, 1m/s, 6psi 
 
 

Polishing pad EMINESS politex-reg2 12 
 

Polishing Abrasives 15% 80nm SiO2 Particles 
 Holder and grinder rotational direction was same, 1m/s, 6psi 
 Slurry feeding 10ml/min 

Polishing pad EMINESS politex-reg2 12  
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CHAPTER 5 
CONCLUSIONS  

This thesis has investigated the subsurface damage revealing by etching. CMP on 

sapphire after lapping processes in order to realize the simple, accurate, and large area 

measurement of subsurface damage.  

Conclusions are summarized as follows: First, 3:1 volume mixture of H2SO4:H3PO4 

at 75-100 °C and H2SO4 at 125 °C reveal the sub-surface damage layer in sapphire. 

Second, The heavily damage, sub-surface damaged layer was found to be 1.6 ± 0.1 

μm and 2.2 ± 0.15 μm respectively. 
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