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Development of plasma-assisted polishing for highly efficient and damage-free finishing of
single-crystal SiC, GaN and CVD-SiC
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A novel finishing technique named plasma-assisted polishing (PAP) was proposed for the damage-free, slurryless and low-cost
finishing of difficult-to-machine materials such as 4H-SiC, GaN and CVD-SiC. A symmetric PAP machine, a two-step PAP process
and a prototype PAP machine were developed. The usefulness of PAP was confirmed using the symmetric PAP machine. The
surface modification and material removal mechanisms in PAP were clarified by the two-step PAP process. The slurryless and
whole-surface polishing of large substrates with high efficiency was realized using the prototype PAP machine.

In Chapter 1, the background to this study, the properties and applications of the difficult-to-machine materials polished in this
study, and the aims of this study were introduced.

In Chapter 2, PAP was proposed and its concepts were introduced. To realize the highly efficient, cost-effective and
damage-free polishing of the difficult-to-machine materials, which cannot be realized by conventional polishing techniques, PAP,
which combined AP-plasma based surface modification and soft abrasive polishing, was proposed. In this chapter, some
conventional polishing techniques, the basics of the generation of AP-plasma, and the concepts and strategies of PAP were
introduced.

In Chapter 3, the development of the PAP machines was discussed. PAP was developed from a symmetric machine used for
fundamental study to a prototype for practical application. In this chapter, the background to the development of the PAP
machines and the details of the prototype PAP machine were introduced.

In Chapter 4, PAP was applied to 4H-SiC (0001). The surface modification of SiC by the irradiation of AP-plasma was
confirmed. It was found that water-vapor-containing plasma had a higher surface modification efficiency than that of
oxygen-containing plasma. With the application of the symmetric PAP machine, a scratch-free, damage-free and atomic-scale flat
SiC surface with a well-ordered step-terrace structure was obtained. It was proved that a transition layer (silicon oxycarbide)
between SiO2 and SiC was generated after plasma irradiation. Even though this layer could not be removed by etching in HF
solution, it was removed by polishing using CeO: abrasives and resulted in the generation of a uniform step-terrace structure of
4H-SiC.

In Chapter 5, a probable mechanism for controlling the surface atomic structure of 4H-SiC (0001) was proposed and
experimentally clarified. The generation of the a-b-a*-b* type, a-b type and a-a type step-terrace structures of 4H-SiC could be
controlled by adjusting the balance between chemical modification and physical removal in polishing processes. When the
removal rate (rpot) for abrasive polishing was lower than the rate of surface modification, the a-b-a*-b* type step-terrace structure
was generated. When the pad rotation speed was increased and rpoi for abrasive polishing became comparable to the rate of
surface modification, the step-terrace structure changed from the a-b-a*-b* type to the a-b type. When rpol for abrasive polishing
was higher than the rate of surface modification, a uniform a-a type step-terrace structure was generated. On the basis of this
mechanism, the results of polishing using existing polishing technigues in which chemical reactions and abrasive polishing were
combined could be explained.

In Chapter 6, PAP was applied to GaN (0001) to resolve the problems of the conventional CMP processes such as the low
MRRs and the formation of etch pits. The surface softening of GaN by the irradiation of AP-plasma was confirmed. The
application of the two-step PAP process and the prototype PAP machine were separately investigated. The CMP of GaN with
plasma pretreatment was conducted and a pit-free surface was obtained with time-controlled slurry polishing. Combination of
plasma irradiation and CeO2 grinding stone dry polishing was also conducted. A scratch-free and pit-free surface with a
well-ordered step-terrace structure was obtained. The plasma generation conditions were optimized, such as the water vapor
concentration, gas flow rate and the type of the carrier gas, was conducted to improve the surface modification efficiency in PAP.
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The prototype PAP machine was used to polish the whole surface of 3 inch GaN substrates. With intermittent dressing using a
diamond plate, a high MRR of PAP of 193 nm/h was obtained.

In Chapter 7, the combination of plasma chemical vaporization machining (PCVM) and PAP was applied to realize the
damage-free figuring and finishing of CVD-SiC substrates, which were used as materials for space telescope mirrors and glass
molds. As reported in this chapter, the properties of the CVD-SIiC substrates used in this study were investigated. PCVM was
performed for the removal of the SSD layer while PAP was performed for damage-free surface finishing. In the case of
conventional CMP, the polishing efficiency was very low. PCVM was conducted on a diamond-lapped CVD-SiC surface. After
PCVM for a short time of 5 min, scratches and the SSD layer formed by lapping were completely removed, although the surface
roughness was deteriorated. PAP using a resin-bonded CeO: grinding stone was conducted to decrease the surface roughness of
CVD-SiC processed by diamond lapping and PCVM for 5 min. The loose-held-type CeO2 grinding stone was demonstrated to be
very useful. A flat and scratch-free surface with an rms roughness of 0.6 nm was obtained.

In this study, PAP was applied to 4H-SiC, GaN and CVD-SiC. When PAP was applied to 4H-SiC (0001), a scratch-free and
damage-free surface with a well-ordered step-terrace structure was obtained. Also, the mechanism for controlling the surface
atomic structure of 4H-SiC (0001) was proposed and experimentally confirmed. When PAP was applied to GaN (0001), the
problem of etch pit formation in the conventional CMP process was successfully resolved. The polishing conditions of PAP were
optimized and a high MRR of 277 nm/h for a 3 inch GaN substrate was obtained. By the combination of PCVM and PAP, the
slurryless and damage-free figuring and finishing of CVD-SiC was realized.

PAP is a slurryless and dry polishing technique in which damage-free and atomic-scale flat surfaces can be obtained. This is the
greatest advantage of PAP compared with conventional polishing techniques such as CMP, in which a large amount of expensive
slurry is required. On the basis of the results of PAP described in this study, the industrial application of PAP to wide-gap
semiconductor substrates, glass lens molds and telescope mirrors is strongly expected and will be attempted in future studies.
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Hiftdd SiCL GaN JZIAWA Y F¥ v v 7 @V EMRER | mUVIERIEEER 2 COBNCBERFMEEE T2 800,
WD ART —F S 2 OFEEMEL L UTRE SHIFI TV D, B SIC, GaN WA T 2B ftt & +471c
BT L7120, XAV TV —ipOJRF LNV TEHRRREABLETH D, £, @BREET T A€ —/V FHOSR
BHIIE, THEERENE, THEMWE, (LPMREMER ENER SN D7D, CVD-SIC DEANRHATH L, MOFMIIKE

WS LRE TELE (SSD) OEAZRIT L7120, XA T V=R L7 EARLETHS, LHLARRE,
Hf5dL SiC, GaN KUY CVD-SIC iHHEENRE < | LFNIC D RE TH D72, ALFH L ORI 22 M AR TH 5,
IS OHINTHEIOREEMTEM & LT, (LA HarE (CMP) 13t LS 1S3 1T 2 BIEQ R AT OO &> T
HY, TEMIEISHAENTHND, LHLARRS, CMP O TRERIIMEIIELS . AT U =204 I HABRH
BRHHaARREL, Ty FEy MR EN DA EORBERFET 5,

AR TIE, RREKRER TS T AL o TAR L RISEZ SN THEIOREICERASETRERL, B LY
IR/ S IR E W T 21T > CEEEARET S5 2 LT, A7 T v F 7V =0l K & SieRICTE
I DH LW T X~ ZAMES o2 (PAP) ZIELTWD, 7o, ERWFEAKLGS A v F Y1 XIEROEHEH
WIETE % PAP SEE AT 5 & L bio, AHEL 4H-SIC, GaN KT CVD-SIC OWIBEICEMA L-fEE F L H TV
Do AR TH LN EREIIFILUTOWY Th 5,

(1) KEZZEOLRERET T A~ZBH+25Z LI12X 0, 4H-SIC (0001)DEEABIL SN T#HIL LizZ &2 T/ A~
FTrT—va R CHER LTz, BHFET T A~ LT, KRR T 7 AVITEOKEREZ A L, £z, KER
7T A~ OWEEEIT KRR EICRE URFET D Z R ahofe, 4H-SICITxr LT, XA D PAP 2i# 21 H
LR, A7 T v F 7V —=o¥—R AT v 7 /77 AME&EE AT HREHPE DI, 4H-SIC KT 5 PAP OfF
hENFEIES N7z, £ LT, ZEMPAP 7' a2t XA & T, PAP IZE1F 5 SIiC OER{L & OIS A 1 = X 1 % it B
Lz, KRBT T A~ &N T 4H-SIC 2t L7256, SiO B{biE & SiC Bt Dflic, 7 vbKFEE TITkRE
TERWHHERE (Si-C-0) BWER SN, PAPIZEBWTIX, B(LE L Si-C-0 B O 5 23 RE 72 U 7 KA B
WCRVERREINDGZ IR, AT v 7 /77 AEEN RGN E A — ¥ CRAREREA S L. #
BIEOEAMEEZ R LT,

(2) 4H-SIC DfEEIEEIZ DN T, 4H-SIC D Si HIZK T2 AT v 717 7 AEEORIEA =X L xR E LT, 'Y
TAZV—HBIZREN T, B~y RORBGEEZE XD 2 LI X > THIEEICEK T 2B(LIER S HFEER O
VAERE L, AH-SIC ORWIIRIT D IFHORAT v 7 /7 7 Ak (ARVEH, 2 BEH, ¥—) OFI#E3 T
RRIZ7e o T, W% ORMEIZEE LB WO BEZAE LR, BB LI A= EAEH LT,
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GaN 1Tt LT, 0277 A~ RN CRa 7T A~ DR MYCE L % Lol U7 R, QL CRa 7T XA~ D8R
WIZERI M oTz, o, CRa 7T A<M X 5 GaN OFRMBEITRH T, FERINEA DG % FFE L 72, CFs
7T A B % OFREIZH LT, CMP O LR ZHIET A EICL» T, Ty F Y b7V —RRu%2H55 2
LI LT, BESZ A TDOVLY Ry RO® Y TIRAZAWT, ZBIEO FZ 4 PAP 7ot X 2@ L7 R,
Ey N7V —=oB =R AT v 7 /T T AEEER T DA LIV TR RREEGD Z LIl L, BFEL
72 3 A T A RO RS AT RE 72 PAP #518 % GaN OB I A L7 fE 3, AR E OBERED 7=, PAP
T OHMEITITEE S I TEE ORISR SNz, PAP & RL Y v 72 ZRICHEA L & 25, 193 nm/h ORFE L
— "G DN, ABFEL — MIERDO CMPIZEBIT5 L — hDK 255 TH 5,

CVD-SIC &R TiEE LT, RKRET T A ERAWexz vy F o 7k THD PCVYM & PAP Zté L7- ZBep
DE A=V 7V —MT7r'A%B% L7z, BN T%O CVD-SIC FEARIZX LT, PCVMIZL DAY T v F L
TEEEOEEBREEIT> B PAP ICLDZREDE A=V 7 Y~ LT %24T) BN T a2 2HH L,
5 3D PCVM INTAC L » T, M T CTEASNTZAZ T v F EMTEERE 2 582ICREL, TD%, 3 K
D PAP AL EIFHIEEIZ L » T, REMHIZ 069 nmms ETHEL, A7 Ty F TV —n0oFA—U7 Y —KhE
3T, ARFERIL, CVD-SICIZxIT 2 “BEMLY 0 A0FAMAE EILT 2 LD TH D,

PLED XSS, AR RTAMET v ATHL 77 A RMANEEZIRRET D L & bic, BI%E L7 RS
B3 A T YA ZEMROEE D FTHE/ PAP & 2 VT, 4H-SIiC, GaN }U* CVD-SIC (253 % PAP DA Mt
EIGEL TN D, AR TIRE - BR SN2 7 7 A~ R AMEETIGR-CER 2 G2 T U — 72 8 & — bR F
A7t ATHY, BREAMPED TROWT a7 Ly Y =R TEME L TR TE 5, Ko ORI LR
XELUESH D b LB D,






