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Fundamental study on finite-size graphene-based materials with unique electronic structures toward

catalyst-assisted microfabrication of semiconductor surfaces
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Nanocarbon-assisted chemical etching (NCaCE) utilizes the catalytic activity of graphene-based materials to promote the
oxidation and the subsequent removal of semiconductor surfaces in solutions. This method allows for the microfabrication of
three-dimensional structures and high-quality crystal surface on semiconductors without using noble metal catalysts. The
electronic density distribution and the origin of electronic structures of local defects in graphene-based materials were studied, as
well as the potential of these defects to serve as catalytic active sites. Additionally, the impact of adding strong oxidants to the
etching solution on NCaCE was explored, providing guidance for the future development of this method.

Chapter 1 described the background of this study, the current issues in the microfabrication of photonic devices, and the
purpose of this thesis.

Chapter 2 introduced common techniques to process semiconductor surfaces and a novel etching method that has gained
increasing attention over the past two decades—metal-assisted chemical etching (MaCE). It covered the processing methods,
etching mechanisms, and wide applications of MaCE. Following this, I summarized the previous work on MaCE of germanium
(Ge) surfaces and discussed the challenges faced by this technology. Finally, I introduced the catalytic properties and preparation
of graphene-based materials, advocating the development of NCaCE as a method for the microfabrication of semiconductor
surfaces.

In Chapter 3, scanning tunneling microscopy (STM) was used to obtain atomic-level images of two types of nanoscale
graphene-based materials. Among these, a previously unreported rectangular-like electronic structure repeatedly appeared at small
sample bias. The origin of this lattice was thought to be the combined influence of adjacent different defects, leading to
overlapping electronic states.

In Chapter 4, I successfully reproduced the rectangular-like lattice observed in the experiments through the simulation of STM
images of armchair-edged graphene nanoribbons (AGNR). In the analysis of its origin, I explored the effects of the ribbon width
and the sample bias used in the calculations on the electronic structure. Additionally, to better replicate the graphene materials
used in experimental observations, the influence of wrinkle structures on the electronic and chemical properties of graphene was
also investigated.

In Chapter 5, the addition of hydrogen peroxide (H>O,) to the etching solutions was proposed to enhance the etching rate of
NCaCE. The etching morphology of Ge surfaces in H,O, and the difference from etching in oxygen-dissolved water were
investigated. Finally, the etching mechanism was studied, and suggestions for future work on the development of NCaCE were
provided.

This study proposed the use of nanocarbon materials to replace precious metal catalysts, developing NCaCE and applying it to
microfabrication on semiconductor surfaces. In the surface observation of nanocarbon (graphene-based nanosheets), atomically
clear STM images were obtained, revealing a novel electronic density distribution—a rectangular-like lattice. It was hypothesized
that the overlapping of superlattices originating from different linear defects forms the rectangular-like lattice, and this hypothesis
was verified through first-principles calculations on AGNRs. The rectangular electronic structure appears between adjacent linear
defects at fixed distances and originates from electronic states near the Fermi level.

In the NCaCE on Ge using H,O», the etching rate did not increase, but etching phenomena different from those in
oxygen-dissolved water were observed. In H,O,, etching pits grew and fused under the nanocarbon. Moreover, as etching
proceeded, significant lateral etching occurred. Based on the NCaCE results using H>O, in this study, future research is expected
to achieve ideal processing traces by controlling the diffusion of holes generated during etching, which can be applied in

microfabrication on semiconductor surfaces.
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AR L Bl g 5 AR SRR T CIRIRIICIEIET 5 (@B 7T v A by Fo 7] i3 ROV =y =y F
IRRIA Ty F U7 HZ0x vy F Uo7 EE LT, BFEH STV 5, ATER, BRGMFER#E T2 2
LItk T MERGUEAF ARy F UV NREBTED LW RERRERH D, ZHETIZ, Bigv Y 2 (Si)
Rz xR & LT AR Em MR EOMEZ AT 2 20 OZFUEME, KBEIIZET 57/ VA Y& X
AXFRFEOER T a v R T ZMERE O Si F v T HE ) T Ioo D& A Vv 7T ak Rl L iRIEWEIC
HASNTWD, —FTARFEL, MECESBEZRVD720, &BIHEYREZHED T30 AT 0t A L OBAEMEREN L
WO B RER D D, WA, RF (C) O RILHK v b7 — I Wi & RFTRIEE R0 7 T 7 = R AR A b
IEMEEFF BT & O BIRIROBEZEGIAY . IREHEM B T < E ST\ 2, ARFETIE, @Bt e afa e, #
fill U7 g AR OB LA R ET DR 227 T 7 = VR MBI E AT, BT LRSS 5D < bR F AL o S5GREn
LT7RrEAZREL TN,

Riwix, EROMHMINT 7 vt 2% BBLT 5720 O A BET 5 2 L 2 B L TR MAEZHEO KRR % £
EHOTWD, £, 100 FH T/ A— MV LSV DEBERFOFRY A XD T Z 7 = 0 FHMEHT T 5 EFIRIEZ AT
B LTZRERIZOW TN TN D, £ LT, #RRRMRICHRT 28R RE T MOV T, BF QY Ialb— e
VRO LM BRI L TV D, IRIT, FH~A 7 a A — bARIROERBERF D7 7 7 = R B A kR m
\CHUR L, B 2BER 2 G0 LicT y F o 7P TOEERERRO T v F o VR ON T, ERILF BN S
BEEToTWD, AFRETHONTEERFERIIUTOEBY TH D,

(1) FHZRZFEER BIC#A LB -0 FT UV T 720 v— b (ArdrG0) ZEBER b RV BB
(Scanning Tunneling Microscopy: STM) I X VB L=, TOME, /9774 "EHERTT —Lb2F =T7HOxT >
UEGEPFE BN D Z EBHE BN TV A BEMOE IREBICINZ T, RFRO T 2 RB SN FET H 2 & & 5L
MLz, SORBFEZHALNIT DD, L0 BEMAHEEZRES, 777 = OB — MIOWTHEMZ STV #8142
EATolz, ZOHA BRI . =y VIICERT 5 L S DHV3 x VBHEEIC A T, AydrG0 ¥ — b OBIERRHIG
BRI D LR UKRE S EFFORGIROM T (FE: 0.37 nm, A5 :0.22 nm) 6N, LT, ZORFBR
ORFIE, T L2 FEOV3XVBEENEE TS Z LI VBREND LW IE DR AT BT,

2 () THBLEMEREMRIET A0, M7 —AF 27Oz y Ve fi>, BEREIO7I772F /7 VR
> (Armchair—edged Graphene NanoRibbon: AGNR) % EF Wik L7=, & L C. BENBEEEG IS B FHEH




BIZkD, AGNR OFBTFIREEE SIM AT I a2 — g Lz, EREFBRED, HEN/NSWEDOY T
AT AEMEICIBNT SIMG A & & A ERESIA U R IR L CRMIPICZELT D & v 5 BUBE O R
15T, R, WEH NS B REHFIIORBEW)BIW = 3azlilfii= 35101, SIMEROLGE & X < LI72R
FANBND Z L &AM LTz, S HIT, AGNR DE /5348 U R IEIRTE L CRABMICZE(L T 2B HIZ DV,
Clar OFEIGIERIZHE SN TELE L,

BT, AGNR D STMARIZDNT, U T AN T 2EAFHEZFEIZE VA LN Lz, ZL T, W =3aDHA I
BN RFBIROBREINEL, SO R F— 2 HIEFICLVBREND Z EE2 R LTz,

(3) (@) CHRAFE—FBEHEAIC LY . SIMERTHIEFERE T (1) CBEL) ORFEIZET 2 T 0 2157,
— 5T, SMEBRTHWEZS T 7 2 OB — M0, Ayd-rG0 3 — ME, (2) OFE THUZ AGNR & I3EIEMN 7
2%, FNICHEDLLT, EREFHECHEEORGBREFPBRISN 5B L LT, ERTODZ 77 = U RMHE
WIFET D, “LD” WMEICHER Lic, ERMAERAEL BT 5 & BRHBRE T MFEET 5 88O,
BS0.1mmELFD “Ld” BDFEETDHI N0 oTc, T “LD” MENANRIZBITAT —AF =Ty VL
FREOEEIZ R T &2, #HEEY I aL—Ya itk ZORYUMERIELTZ, &Hi2, “Lb” #iETo
JAPTH 72 T-IKkRE (Partial Density of States: PDOS) % SE4HFEIOD PDOS &Il L7 & Z A, 7 = /LI LLIERS
DIRREBEERBEFEICE NS RN 0hoTz, iU, “ULb” #EHERNR S T 7 o L FRER & bl U TR0 TE
THHILEFRLTEY, 777 = U RMERR MR RERE2EZ D LTRELRLIMATH D,

(4) BH—3—FLLDZ T T = Fk B (Graphene Oxide: G0) &4 /L~=1 2L (Ge) HfEfhFER LIZHMAL, =
v F U THRIIRIE LT O£ S & 1 /1B EE (Atomic Force Microscopy: AFM) (X V@I L=, —=vF
VIRE LT, WEES (00 PEIFELIZRUK (BFEEEAK) & BERbAkFEAK H0.) O ZFEEHW, =y F
THONERKREOWMEEZTFMLIZ, TORR, WFhoz o F o THROBEL, 77 72 FMEHE vy F o 7
EIET VAT THERL, Ty F U TR RET DAL S L CORBIZRD, B TFANRIRMICEMT 5 &0 o iR
B, DI, Bohlmy FUROIL, MOy F U ROBE TR D Z RSN TORFIC
DWW, #EilT D7 T 7 = URMEN S IEA SN D EAZBH OB DMBINCEE Lz, Y LIcKESE, 7T 7
= VRMBRE AR I T, R T IR AL - BRI A TR T D o DI B R AR R LT,

PLED X 51T, Kwsd, ARYA XD 7T 7 = R EHZE LT, EIRBOMNT b | H-5 KK & ik L 75
B O TOEBRESEE TRRASHTHAEL TV D, BEHREICOWTIE, BENR Y 77 = v L OMER, #Rik
REAIZ &0 FB S 2 R R R BLY | OREIR & B ) A E S CEREHREA LI LN LTV D, SHIT, “Lb” #
ERELD 7T 7 = AEHHOEFRIEICE 2 2080, “LD” MER KRR ORPTRE FEIEICOWT, Bz
MAEZ/FTVD, MAT, B=— b Ub DT T 7 = R MEE & Bl U T2 8RR 23 PR D CTRESERIICIRAF 95
B, TOWHIKFEICOWTIRELITV., ATy F o 78— FOEMFFELZ AL T 5, BRI, &4
B D IWE Y S R h oy F U T OFRAAR T LIS, HEE IR O 7 2R N TR BN D WTREME 2 Bk oD T
WD,

Lo TRmXIE, Wi e LTlEH 2 b D ERD D,
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