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Figure1l (Color online) Schematic of set-up for CMP of wafers and characterization of surface morphology and sub-surface damages after CMP (a)
Schematic of set-up for CMP¥; (b) illustration of formation and removal of surface reaction layer during CMP®; (c) AFM image of a polished sapphire
substrate (scale bar: 1 pm); (d) TEM image of a polished sapphire substratd™; (€) AFM image showing surface scratches®
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Figure2 (Color online) Plot of CMP removal rate (V) as a function of

polishing temperature (T) with data taken from literature. The each acti-

vation energy number given is the slope of the linear fitting line for the
corresponding data set
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Figure 3 (Color online) Results of the scratching test and surface analysis of sapphire substrates. (a) AFM images showing the different depth of

groove scratched using a diamond probe for samples before and after immersion in the polishing slurry™; (b) XPS spectra showing different Al/Si/O
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3934



iE R

PR EE RN T LS. 12, 45 REWCIRIATE I % I
SR E 43 AL Sit0=2:1:5. FHyk, %)
G A A 2% 1T RN J2 B ALISITO T 2 X PSIE iz (O H:
JE O ) AT 21 43 B (1 3(b)), AT oA A 3% 1 S g 2=
FEALSIOSF RERR + . Bk, i X HE CIRIA R Y
XPSTR BE 1 B 45 S M s R, &3 A R i SITAL
I LY 5 ALLSIOs N J2 1Y JE BE 7 — 3, 5
WG HCRIN F—2, BIENCSR>A. HiL, ATk
Gutsche: A\ i 26 11 B2 7 J2 J2 AlLSi 07 4 W A5
RIER. XuZE NP R X PSOMHr 25 Bt LA 5V ovk 4
i —%. X TSICIKZR, LeeZE AP SICH F1E &
SIO B KOHHYE K (pH 1) R iR 824 h, Fi-XT4b
PHET 5 FE S HEAT T 22 1 XPSA AT UL K AFM Fil 48 Fi 44
KRR, &R 22in, Fim BT i B
RE A AL XPSIE, i HL 2 J2 19 98 K FEJR B B T B
AFM I B3 0, a3 e 8 LR 2 B A 1 T A R A A1
ik S AL ) S 2

A&, BT E R AN LR RS 8%
TGS R 2 MIXE LA F . Zead A4 o vl LUK B, Vovk
s \ SRR T4 6 Wi pH R 4.5, T Gutsche: A il >t
W pH M 10.5, {HJEVovkE ATE T8 Gutsche®: A [ 45
W I AT % X — . VovkZE AE & B, ok
FE i () A0 B 2 5 R ok 2 R R 3 T2 A9 843 0 M 4%
W, B LB T KR A A AR AT, XPS
BT R 49 nmiRI R L BLSIIAETE, IER S 2
BRI EE TSR T, kS E&EA
2% T 11 8.9%[n] 4 P4 128 i ik />, 2220.5 nm4k 4 0.5%.
X e A3 AT I T ) ) A 2 AT 5 s I 2 F 5 1

— .
3 EERIEEIY

31 BRI A S5l I CM P T BE
a2

S N E BB O LB B R R A Z, (3
AR} 2% B S5 7 - 5T ¢ Z 00 A BE 43 A, LA
TRBLEY R (T . UT R IS5 H AR =S 2B RAE,
P e FRAT Tt A 1 T A ST R T 45 4 T4 A CM P T A
RS R AR RS, (1) AT . RO S A ],
fICH8 %4 1 A C(0001) I . R(10-12) 11 . A(11-20)1f
M(10-10) I 55, (2) [ B A1, BRIV &b 1T 09 A 2 S B ik
27 1) A 125 7 00 L AR %6 o T vk S ) A BE . Tl T JEE

KGR B S A — o 10T, HJE B R Y
i, TR OHILAERTE N T2, [Wl—M A
ANTRIASE B (A i R mp s R0 & 30T 00 24 Ak ) 1 1) A6 ) 25 57
WATRE AR, (3) BhIE, MAGRIE G P R AN R
255, S e T % %A fMSICRCMPHN T
%) i TR 1) A £ BEORRME R 9T 3t 23 AR A
25 K6 R G I 5 ) A 27 i I A A R HEAT T LB TR
(A2, A SCI A R AT T — R 2, ) A
() R B RS B AR R M B iR 2R K, RS
25 e o %) B e DL Ak S 40, BRI ST E K
R 5 7 Ach 3R A AT HE A A 00 s 2 T R Y 2 T IR S
B AFM AT XRDAE R AF T IR it 45 )2 TR, {H
DA b S B % 195 45 )2 B4 TR R R R AR L i
T3 )2 AR X 38 A AR 235 4 T B S ] T 98 4% b
e, SEERMALAE TR RS2 5. ik, xR g
EEER AN & R, B BB AR AT RS R Y 25 B R
FIURLRE P H50(E, 17 A1 35 1L b B 4 P 50 36 ot A 1 &5
- B G 2R i R S e 4 AR

SRIMT, HES CMPELRY § iR R B AR K19 Bk ik
P, RIS E AR ESIC, AR AL AR &
FLRENS AR I I A B T Ak 5 A 3R AT 2 T 45 A 1)
FEARAE, BRI AT S () &
YIELH. (2) &b F 45 A B A, RS BT &b R B9 1
B AR 0 TR R RIORS B AR, B AR B T R R
SPL AR D) EI R T, s 20 S i T
JERE T 10 um, ] RL7E 4 5 36 B (an & R
o FVRE T 30 G5 A0 ) 1Y) 1) B AR 22 SR T 010, a2k fir
fm P T A A 25 SR AR, T N Iz AR AR T A A R R
21 2 T S0 F AR 45 SR 1% LA T H Al BIF 9 3 3 B
Fe. (3) 2 IR AN IV 2 T 463493 )23 B9 R B A 7 B
JEE L. 3% TR R N 2 T A 2 R AR T A R
®iZ . AFM. XRD. Raman. TEM D A #o66HE
AL, MESCBLE R R JCRR TG K m G2,
T AR RS A B CMPIN T T 2 &, IS AR
S 1 b 220 5 2 R S kb 0438 SRR Sy 0 R
WA BERL G AR R, KA B TIRASE /R %
N JETE B R BRAT R B A R 2= R 2R, X 07 1Y TAE
A T A i B 2,

BRI, FRATTE AR BT 8 ST W A FN SICHRL AL
AR Z sk, 5N B R A 3 T AR 5 A8 R A R T
KPR, SRR RR, FE A
AL R R D R R 2 5 A AT TR A R 4

3935



A % b B 2016FE 128 He61s HE36H

HURE o CM P A 22 T A 27 S0 = R SR BEAE 52
B TS 6/

3.2 AR 2B A LRI 2 R B BRI

LOBU

TEWE A FSICHCMPIN T &, & B 18
7 J2 B A R 25 B R AR TE A R S I K
BONXIR, N T dEfE DR R ARSI, SR
JEE LT TSI 2 (fR i R, R B A s I 2 5
TCW S5 78 (G L R ), 58 0 i 3% 11 A BB 4k
S N A BEHT Y RO 2 (T2 S N 3 ).

AT 280 SCHk &S SR UEAT T 0e (G fL BB 45 SR 1)
XF LE UL L 2), 0 2 R Ak 2 5 sk R ) S5 A i ok
T T BB 5L A N R 00 3 RO M an Ak 2 R A
Arrhenius . — Rl FR 1 IE 2 e b 2 AR e 5 1
e A B, i H B RS, SO 2
L SNALE S W) | MBS ST S| MY O | ST
R I L 575 Arrhenius X & . X T AL O 5
fad A, IEILRERIE T RN HEAT IXE S A, — i
5, WERIEABRAHZEAR I, IR T AN [R] A9 b2 S
L. fb R 7EOE P i S IR i s e, ml DL
5t ZE PR R AL PR, DA T S B R T N )2 B Ak
F VL A T R A ol 2B R (H X 5 S PR CMPIN T i
TR 2 AR o — Fi il BRAR 2 S g J2 9 A i fn 25
o o A 5 4 2 SN 4 (U A8 Ak F50) RN P ) s o
WU T B R o R R, YR RERAE T
O R MES R . X FDOC b i B R, R
AL T B IO R YR, VAR RS
TR R AEAEArrhenius e 28, TG AL BERAE 2> T4 BRI
MES AR . (H 5 S N FE AR TR, X 4 8
INTAPF I CRAR R, B Hchs il R 0035 fh BE PR 45
W NP N Tl = S 9 I 1 O 1 0 N I
1R Re S X AR S 147 i G, e andi e
TR 0 8 s Bt 5 1) R A i T RIS, SR BB D) AR AT
7, hnCrawfordZs A B9 % B, 45 25%4) K SiO, 8 ki =
BT KGR, LR AR R 5 U R ) R 2 15 60%.

H 2, 76SCFR W 5 4 MSICHRICMPAN T3 #2 v
s R E AR Z, B FrAR e 2 2 4k 2 s
FEAY BGOSR, X B 20 7™ 5 LA 16 2w e B2 Y
I T2 U TR A ST . BATTINN, — A0 171
WAy P S B SR R, SEIAE A

3936

KCMPII TR A AT HE T, DR E I AR E T
S TRORE P R I R T A0 N K R M | R
W, BROYE A O R Y BOS R, ek
S 3t R A SR A L T R T O e
(AFM) fi A 425 B ey e 451 it s AR 11237381 g i 4l
T AR T . O I B SR R S B T ARMY)
VRORE PR R B R S R R, BEAE %St CMPIn T 1k
S A VAU Ik 1| A T 1 L B G U e S N S B
R RR. 8 2 ] R AT 54 SIO,, AlOs, CeO,
5 PR AFM GO IR BT (AR 5E), AT AFMAE i
TRER AT 555 R S R DX I3 ok O R A7 AR X R 488, T
PLTEA [G) 342 fil TR A7 . AFI i sl o 8 S ik ) L o'
T pH A Y6 8 I FE CR FHARMIE Wb ) 218,
AFM 70 8 A Fa I v G ek A T () () R4 ) | R
BERE SURZ T AR S A EEE . EIRIX
3 2 T T S0 0 ARM = 43 BEL I, DL B X PSS 1 IX Ak
SEOMT T R, KA A B A A N it B S
T S JE T A

Ak, WAFFREE T A FMSICHCMPIN TR
N JEIE BT A SE, BT ZE D4 A AR
T 235 P4 o S A P 42 o) AV AIE | 8 L 1T 45 4 N A 1 4
BT Alf SR AL ERAF 5T LA K 3% T RIS R b 27 %) 2 A T
YER ST S5 2 7 oY, IR, FRATT R SCR HUL
WL 1% A BRHE Z 2R R ORI 5 TR A T
AL
4 &k

TEW T A MSICH A ICMPIN T, 8 3R
7 )22 A TE AT 2 53 e R 2 S v A5 v ST N T Y
AR RN ME 5. BT H TN JZ BT RHL BRI 5T A7 AR
B = AN R B R T S 2T B A ) 2 HL R
zh Sy 47 4R . CMPN T A AL 5 A iR £ Y
ATV DA K R T SR J2 B 45 AR R R AE R R
g0, SEGEAT AR () B, HE ISR SR 5 B SR AR
TR A ST A T R R, IR AR S S R
My Bt 2, W, A TIRAER - A 1E
FHN CMPJIN T () e 1 Ak 2 N J2 B T8 I pL ], il
KT A2 . MRS 2R U gk, B
BYIEE A R 02 TR 2548 BB B P 4 o R AIE L A
AT 45 KA AL A AT L Al S R AL FRATF 5 LA K 35 T R e
AR Ak 2 1 2 ST VR FH i Ao



iE R

it

%25 3k

10
11

12
13

14
15

16

17

18

19

20

21

22

23

24

25

RRAT R E T R F AL T G A% 2 B B9 5k F B o (A R B A Ut R 3R 7 | o A

Nakamura S, Pearton S, Fasol G. The Blue Laser Diode: The Complete Story. 2nd ed. New Y ork: Springer-Verlag, 2000

Li Z C, Pei Z J, Funkenbusch P D. Machining processes for sapphire wafers: A literature review. Proc Inst Mech Eng Part B-J Eng Tri-
bol, 2011, 225: 975-989

Gutsche H W. Preparation of damage-free surface on alpha-alumina. US Patent, 4011099, 1977-03-08

Gutsche H W, Moody JW. Polishing of sapphire with colloidal silica polishing. J Electrochem Soc, 1978, 125: 136-138

XuW H, LuX C, Pan G S, et a. Effects of the ultrasonic flexural vibration on the interaction between the abrasive particles, pad and
sapphire substrate during chemical mechanical polishing (CMP). Appl Surf Sci, 2011, 257: 2905-2911

Zantye P B, Kumar A, Sikder A K. Chemical mechanical planarization for microelectronics applications. Mater Sci Eng R-Rep, 2004, 45:
89-220

Black D R, Polvani R S, Braun L M, et al. Detection of subsurface damage: Studies in sapphire. SPIE-Int Soc Opt Eng, 1997, 3060:
102-114

Kumar P, Lee J, Lee G, et al. Low temperature wet etching to reveal sub-surface damage in sapphire substrates. Appl Surf Sci, 2013, 273:
58-61

Wang H B, YuQ C, Liu W L, et a. Process conditions affected chemical mechanical polishing (CMP) on sapphire (in Chinese). J Funct
Mater Devices, 2010, 16: 206-210 [VEME %, ATICHE, XU TBWT, 5. T2 400 W% A kAU OC 2. ThREA RS 8124

2010, 16: 206-210]

Matijevi¢ E, Babu S. Colloid aspects of chemical-mechanical planarization. J Colloid Interface Sci, 2008, 320: 219-237

Luo J, Dornfeld D A. Material removal mechanism in chemical mechanical polishing: theory and modeling. IEEE Trans Semicond Man-
ufact, 2000, 14: 112-133

Kasai T, Bhushan B. Physics and tribology of chemical mechanical planarization. J Phys Condens Matter, 2008, 20: 225011

Wang X H, Liu X L, Wang D, et al. Chemical polishing of sapphire for growht of GaN (in Chinese). Chin J Semicond, 1997, 18:
867-871 [T IeE, XM, TEEE, %. HT GaN KM R AR EIeirsr. L Sik¥%4, 1997, 18: 867-871]

Pinkas M, Lotem H, Golan Y, et al. Thermal healing of the sub-surface damage layer in sapphire. Mater Chem Phys, 2010, 124: 323-329
Vovk E A, Budnikov A T, Dobrotvorskaya M V, et al. Mechanism of the interaction between Al,Os and SiO, during the chemical-mechanical
polishing of sapphire with silicon dioxide. J Surf Invest: X-Ray, 2012, 6: 115-121

Zhu H L, Tessaroto L A, Sabia R, et a. Chemical mechanical polishing (CMP) anisotropy in sapphire. Appl Surf Sci, 2004, 236:
120-130

Shi X L, Pan G S, Zhou Y, et a. A study of chemical products formed on sapphire (0001) during chemical-mechanical polishing. Surf
Coat Technol, 2015, 270: 206—220

Yan W X, Zhang Z F, Guo X H, et al. The effect of pH on sapphire chemica mechanical polishing. ECS J Solid State Sci Technol, 2015,
4: 108-111

Pan G, Zhou Y, Luo G, et al. Chemical mechanical polishing (CMP) of on-axis Si-face 6H-SiC wafer for obtaining atomically flat defect-
free surface. J Mater Sci: Mater Electron, 2013, 24: 5040-5047

Zhou Y, Pan G, Shi X, et al. XPS, UV-vis spectroscopy and AFM studies on removal mechanisms of Si-face SiC wafer chemical me-
chanical polishing (CMP). Appl Surf Sci, 2014, 316: 643-648

Zhou Y, Pan G S, Shi X L, et al. Effects of ultra-smooth surface atomic step morphology on chemical mechanical polishing (CMP) per-
formances of sapphire and SiC wafers. Tribol Int, 2015, 87: 145-150

Yagi K, Murata J, Kubota A, et al. Catalyst-referred etching of 4H-SiC substrate utilizing hydroxyl radicals generated from hydrogen
peroxide molecules. Surf Interface Anal, 2008, 40: 998—-1001

Xu L, Zou C, sShi X, et al. Fe-Nx/C assisted chemical-mechanical polishing for improving the removal rate of sapphire. Appl Surf Sci,
2015, 343: 115-120

Zhou Y, Pan G, Shi X, et a. Chemical mechanical planarization (CMP) of on-axis Si-face SiC wafer using catalyst nanoparticles in
slurry. Surf Coatings Technol, 2014, 251: 48-55

Deng H, Endo K, Yamamura K. Competition between surface modification and abrasive polishing: A method of controlling the surface
atomic structure of 4H-SiC (0001). Sci Rep, 2015, 5: 08947

3937



A % b B 2016FE 128 He61s HE36H

26

27

28

29

30

31

32
33

34

35

36

37

38

3938

Niu X H, Wu T, Zhao X H, et al. Study on CMP mechanism and technology of sapphire substrate for photo-conducting device. ECS
Trans, 2009, 18: 435-440

Budnikov A T, Vovk E A, Krivonogov S |, et al. Anisotropy of sapphire properties associated with chemical mechanical polishing with
silica. Funct Mater, 2010, 17: 488-494

Shi X, Pan G, Zhou Y, et al. Extended study of the atomic step-terrace structure on hexagonal SiC (0001) by chemical-mechanical pla-
narization. Appl Surf Sci, 2013, 284: 195-206

Lucca D A, Brinksmeier E, Goch G. Progress in assessing surface and subsurface integrity. CIRP Ann-Manuf Technol, 1998, 47:
669693

AidaH, Doi T, Takeda H, et al. Ultraprecision CMP for sapphire, GaN, and SiC for advanced optoel ectronics materials. Curr Appl Phys,
2012, 12: 41-46

LeeH, Lee H, Jeong H, et al. Macroscopic and microscopic investigation on chemical mechanical polishing of sapphire wafer. J Nanosci
Nanotechnol, 2012, 12: 1256-1259

Wang Y, Liu S, Peng G, et al. Effects of surface treatment on sapphire substrates. J Crystal Growth, 2005, 274: 241-245

Hu X K, Song Z, Pan Z, et al. Planarization machining of sapphire wafers with boron carbide and colloidal silica as abrasives. Appl Surf
Sci, 2009, 255: 8230-8234

LeeH S, Kim D I, An J H, et a. Hybrid polishing mechanism of single crystal SiC using mixed abrasive slurry (MAS). CIRP An-
nals-Manufact Technol, 2010, 59: 333-336

Butashin A V, Vlasov V P, Kanevskii V M, et al. Specific features of the formation of terrace-step nanostructures on the (0001) surface
of sapphire crystals. Crystallogr Rep, 2012, 57: 824-830

Crawford N C, Williams SK R, Boldridge D, et al. Shear thickening of chemical mechanical polishing slurries under high shear. Rheol
Acta, 2012, 51: 637-647

Zhang D, Chen X Q, Wang Y, et al. Relationship between asperity-mediated surface forces and topography alteration of silica micro-
spheres sliding on mica, sapphire, and glass substrates under ambient conditions: Atomic force microscopy and theoretical studies.
Langmuir, 2014, 30: 3729-3740

Miyoshi A, Nakagawa H, Matsukawa K. Simulation on chemical mechanical polishing using atomic force microscope. Microsystem
Technol, 2005, 11: 1102-1106



iE R

Review on for mation mechanism of chemical reaction layer
during chemical mechanical polishing of monocrystalline
SiC and sapphire substrates

GAN Yang' & ZhANG FeiHU?

1 School of Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin 150001, China;
2 Manufacturing Engineering for Aviation and Aerospace, School of Mechatronics Engineering, Harbin Institute of Technology, Harbin 150001,
China

Chemical mechanical polishing/planarization (CMP) of wafersis routinely used as the last mechanical processto produce
super-smooth or critically planarized surfaces by removing machining-induced surface/subsurface damages and at the
same time reduce the surface roughness to the level nanometers or even sub-nanometers without sacrificing the overall
flatness. Successful CMP of monocrystalline silicon carbide (SiC) and sapphire substrates—two major substrates besides
silicon for fabrication of high-brightness light emission diode (LED) devices, and also two important optical materials for
space applications—demands a deeper mechanistic understanding into the CMP material removal process of these two
materials. One of crucia challenges is to reveal the mechanism of formation of the chemical reaction layer affected by
chemical-mechanical interaction during CMP. This paper critically reviews the current status of relevant progresses,
controversies and challenges. First, we reviewed the debate about the thermodynamic behavior of formation of the
chemical reaction layer by carefully comparing the original experimental results and arguments by different groups,
including numerous studies on the equilibrium of the reactions involved and the stable reaction products. Second, the
inconsistencies on the reaction kinetic behavior of formation and removal of the reaction layer, i.e., the temperature
dependent materials removal rates in terms of activation energy, were critically compared and re-analyzed by deriving
the numerical values of activation energy from the existing literature. Third, the challenge in establishing the model CMP
substrate systems was highlightened in order to stress the urgent requirement for a firm foundation without which the
results of different labs were difficult to be critically compared. Last, problems of incomplete characterization of the
structure and compositions of the reaction layer and substrates as well as the poor cross-lab repeatability of characterization
results were discussed with examples. In the perspective part, we propose a few directions for possible breakthroughs in
the area of the mechanisms of formation of the chemical reaction layer: (1) establishment of reliable model CMP
substrate systems with controlled surface structure by taking into account a few key parameters including surface/
subsurface defect density, misorientation angle (off-cut angle) as well as crystallography planes exposed; (2) determination
and control of the reaction rate to facilitate decoupling reaction and diffusion processes with the help of the frictional
force microscopy technique. A multidisciplinary strategy for addressing the issues discussed above is thus strongly
advocated through combining materials/surface science/chemistry related approaches—careful and detailed characterization
using a variety of state-of-the-art analytical techniques, precise control of surface structure and defects for developing
model CMP substrate systems, in-depth analyses of surface structure and compositions, chemical thermodynamic and
kinetic studies on chemical reaction mechanisms, as well as microscopic frictional/wear tests and surface force
measurements. This review will also have important implications for CMP processing of many more different types of
materials other than sapphire and SIC, including but not limited to other promising LED substrates such as GaN and ZnO,
optical materials for laser inertial confinement fusion applications such as hard-brittle fused silica and soft-brittle KDP
crystals, as well as conventional and novel ceramics and crystals for strong lasers such as YAG and sesquioxides (Lu,Os,
Y203).

sapphire, SiC monocrystalline, chemical mechanical polishing, surfacereaction layer, surface characterization
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