%53 %% 8 ) (E A A 1

& Vol. 53, No. 8
2025 & 8 H

JOURNAL OF THE CHINESE CERAMIC SOCIETY August, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20250078

o i

T 11 < WA ARk B RR BOE I O YAk St

Kg 2 ITRY AFN B OB TEMT BER YA RUA YRRV
(L IWARREH AR SAEM RS, 5 2501005 2. iR K22 ARRHE X mi sk s, HF M 250100)
# F: MEENAAERKTZIIRT, SR Tl s 2R, A& ZEHUON Tk LU 2 82 =l /R Bothin TR

FERE RRCE TG AR, RO ERIA I TR EREOAR . 2T, ORI N ) 32 28 AR EOt L
oEIE . AT BOEVIRIAMBOLRE . AL RGE R 7T HOL S SN RN THLE, 24 7 A FSBEEOLRIE RS R 500

B WG TIEFERBOCEARRARIUR, R 7 AT BRSSP, JFRE T HARRK T 1A .

EEEIR: &Na: WOt Bt BouhIE): BobRIE
XEMHS: 0454-5648(2025)08-2388-22

HESHES: TQI63  EAFREAD: A
4% R EiE) : 2025-05-30

SR ARME i 25 e AR AR, R
BEWmEMEE, HRRHRGERE, W, SHET
B R AR U AL 22 MO8, S A Ok
Foufh. BEEEES WMAWLE RS (MEMS/NEMS).
A RO R S A 25 )2 L -9l
SR, 3K B GE 4 A I T T A v )
RO, A B kG & A LT AR 1)
RIRUIN T FRTHRS B ARG S sl DA Bk S Tl
N5 R R SRA R RE IR b . A2 SR
T T 228 TR, LN AR R 5
ST RSERRE, A DA R X L Sk B R
R A543 F o L 75 SR (8101,

PO THAFR K SRe 2% E. ek, v
PSR AR AL, IR ERAE G LN T, B4
NI BRI T ORI 548477048, 3
HEII AN RS AE AN R b SEB e . R TEE B+
BB, 1 ReiE A 2 E DL R AS [R] 0 T2
K, IR S I TR AR . HhAh, Boshn
THEAR MR E RSN, EHiEdE s
Ge. fREEFE, NPl E N THAE TR RE. AR,

Wk H ;20250208 f&iT HH#H: 2025-03-07.

HEWH: 144 HRI4(ZR2023ZD04, ZR2022QF129); H X H 4%}
% 3 4r (U23A20569, 62305189) ; L AR 4 H A BF R
(2022ZLGX02) : 1L %R B & %5 R 7 00 B 4 SRR I &I
(2022KJ032).

HfEE. KIEFQ000 ), B, BILETTAE.

WS B 70994 ), B, it
BI75 €(1997 ), &, L.

EXH%E

A FOCIN TEARAE GRS R I 22
02, (HH AT R THEAKS, W0t T i
DifEil. AR RSN T, Bk
YV RGBT I AL T . IRAIR T IX
S, AT BT HEShEOL I T HOR KPR
J&, ST IR B2 AU e RO SR A3
PR SCRERB A AR

AL UA G WSO I RN FEH AN R,
RGEE T HOCIN TR MR, FE 3
TN TAERGEE . BotIt. BotUIRIMBEER &
ST AN, i T AT BRI TR AT
FERA L, IFRE T ARKBOCIN TEARLE NI
SISV RS TT 7 o

1 ot T 4R A AL

Botm TR AR RRER 28 2 HMEED
B Hoe, WEBUCE SR ERIA AN S,
SR AL AN S 20 P 25 B A SR AT LSS ORI
021, B NI ) C—C Bt t S 185 sp3 244k
5 A R T R R, R R R T2

Received date: 2025-02-08. Revised date: 2025-03-07.
First author: ZHANG Xiaoyu (2000-), male, Master Candidate.
E-mail: 202334111@mail.sdu.edu.cn
Correspondent author: GE Lei (1994-), male, Ph.D.

HU Xiufei (1997-), female, Ph.D.
E-mail: leige@sdu.edu.cn; huxf@sdu.edu.cn



%5 53 &4 8

gk S TH A 4 NI A R B SO I T VA RN Ll + 2389 -

FIBOCTESME Re IR AE I3RS A i e R, TR
TS GRS RBRARE . XiraeEr) REE
13 emtg EE R R AR A, AN B sp® A RES 1) sp?
REREAL, RAEASML. AR EEs T
SN FZ 0L, BONBRAH A BiE 16
R 27 AN TR . X — i R M A i
FESCI R s B 4 NI N T 22 00 H B S-16],
11 =EAEK

BOLTH TS WA R A B OHLEZ s+
e B i iR [B) 7 sp® BaE A8 0 sp? B 7 it 72

SRR S B VIE ) e il U L A2 VIR TN S iz O
MEBHET =, FRBMSES X —gRE. Bt
LIy 220 ik e isf TR DAL A B L5 fE(R D) 2R
Kk &, A5 agk BT, SEgE
ks AR AN, FrRes il i+ 25 i 2L
N, A5 R IR R ORI M SRR RS, gk T 5 | S Ak S
TFRHEBE(LE 1), XEFEOESH BT m T A
SRR, R G sp? B2 IX 3 3] i 24 5 A AL
NAEM . EINEIMAREO T, A SR
B2 950 K [y -2,

| Absorption in diamond

l | Absorption in graphite

Single photon absorption

Multi photon absorption

(Short pulse) (Ultrashort pulse)
l Conduction band O O ]
Band gap
Band gap h<E, ,\/\, t E=004 eV
h>E, hv<E, > y
ot Lph ghre. I\/\, (
E=547¢V AN\~ Tl e, AN~ ( : hv 4O Conduction band
AN X AN~ ( N\~ Valence band
IValence band @ ® I

Bl L 4R SR o H PR AT e
Fig. 1 Photoelectron absorption behavior of diamond and graphitel?*

B H AR, SR A ST R IEA
S S AR B R SRV BT R, T OGRS X
ST B ARRE 2 T o WO A R T F — 4R A
&3 IR IR :

oT & i

pCpE—ka7+aloe 1)
K p WHPRIEE, kg/md; Cp NWELIAZEE, JI(kg-K);
kK AMGER, WIMm-K); o ARILRE, mL 10N
BWOCThRERE, Wim?; T AERE, K t ARE, s;
z RTFEETHRIER TR, m.

AR ] B AL OB RE R E S NI Y BT
R, TEA A R, WA AR AR 2R T e
R B X 320, Konov®If 5t #E H
S WA A SRR 23 () 2540 A HE A 22 53 T ffe X —
% SNIAMEREONEE, 1A SRR T AE 4T
BRI 2 (B B S5 B B K, DR SR ) 2 /N T
SRIARIERE . HTEEER, fsib B umET7E
AV T R ) X SOR AR, X 92 4 NI 2 i AR
B [X 3558 2% o R A AL I TR R

H 20 tH4d 90 ALK, WrEEHE R T RT

BOCAE S NI R SE3GaF 7T, DU b i B g HL A
BLEE. #4n, Odake Z524R KA 9 355 nm. ik 5
9 100 ns AT a4 NI (SCD) AER A 44 K 58
fn & WA (NPD)REAT TN, JERI A H 7 55
BE(SEM). 3% 5 H 1 AR (TEM) B 4 0l 25K
XN T JE MR T T it (WL 2) . idiik SEM
MEL, K NPD BIBOCYIEIARE R T SCD, Jf4s
4 NPD S 3R EEURIRR 2, HENENIA 1) SR
HOW OGN TR A B s . th4h, Zhang 5529
FIFH A0 kPO, RANERT T 306N 1. SCD K1
TR TR RSOV, BIF T T #8851 1 4 NI A
FE I GOR R TRFE, it Pap it 25 g 2l o b 7
LR PRI AR . DF R B EHE— B0 T
P TR B I 5 5 78 FUZ (IML) T R AR J5 /2 (DMIL)
(R ZEL BSUAH B TR B (AL 3)

PRI O Iee TR AN [R1 8 3 4 WA (1 22 S 1k v
M, Ohfuji ZRERE T Hd [ b AL, g la L
mn N 3 PR AL N & NI AT O e il S
5, VRN TGS 2 RENA RO E R
TGRSR AR (L] 4). SEERZS R, ok



* 2390 - CHERR R 540D J Chin Ceram Soc, 2025, 53(8): 2388-2409 2025 4

(a) Ultra hard nanocrystalline diamond (b) Single crystal diamond (SCD) (c) Ultra hard nanocrystalline diamond
(NPD) (10 laser scanning) (12 laser scanning) (NPD)(single scanning)
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Fig. 2 Enlarged images of laser cutting groovel?4
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Fig. 14 Schematic diagram of water guided laser principle!®
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Fig. 15 Schematic of the laser polishing principlel’?
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Fig. 16 Schematic diagram of machining process(’
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(a) Cross-sectional SEM image
with 2 laser scanning passes

1 um

. —

(c) Cross-sectional SEM image
with 40 laser scanning passes

(b) Cross-sectional SEM image
with 12 laser scanning passes
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(d) Raman spectra of cross
sections A and B in figure (a)
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Fig. 17 SEM and Raman spectra of laser polished CVD diamond cross section [72
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Table 1 Progress in comprehensive research on laser polishing diamond

Laser type Highlights Polishing effect References
248 nm, 20 ns Multiple laser sources stage-by-stage polishing Surface roughness was reduced from 5 pm to [75]
1
1030 nm, 350 fs Hm
1064 nm, 100 ns Laser-assisted plasma-assisted polishing Root-mean-square roughness (S;) of 0.53 nm and [76]
flatness < 1 um were achieved
1030 nm, 350 fs Novel pulse burst machining mode 3D arithmetic mean roughness (S,) decreased from [77]
0.41 umto 0.2 pm
355 nm, 25 ns Multiple laser sources and laser defocusing effect Arithmetic mean roughness (R.) reached as low as [72]
8.02 nm
800 nm, 50 fs
355 nm, 10 ns Hybrid polishing technology combining laser polishing and ion Surface roughness was reduced from 4 pm to [78]
beam etchin 0.47 R
515 nm, 260 fs 9 wm (Re)
130 fs Optimal parameters obtained via orthogonal experiments with Surface roughness of PCD compacts was [79]
parameter variation 33.95 nm (Ra,)
515 nm, ps It was confirmed that no graphite formation occurred during Surface roughness was reduced from 1.85 pum to [80]

picosecond laser polishing of diamond when the pulse width 0.51 um

was less than 10 ps

ROt e onth 7 WG 71, BA
GRS RBCERIILY, (HR2 H AT AT REA 2 R
REEEAN I ST B, oA RO I Tid
FEFFRIGFA N, 12RO B RBOLE N
ST BOEATINTARAS 1L AN TRCR . [ 22
REPAT L BN TR, RBCEARRHREE, AR

Bt 22 I TAVEOC I 65 B BV = AR R BO
TEHIR T I -
2.3 HAKBEENA

BOCUIEIE R R NI DA I L 2 R
FIARE RGNS BN R Wi SREER R, f Rk
BEVRBIN T, (HIX 2 BEARAE EEAT T . X8



%5 53 &4 8

FRIET S5 T 1A < WA ARk e RO N 5 A Tt < 2399 -

R RBOCVIE 2 LR 3. RS HERLIRAS =
FRERERGYI . MEZ T, BB ARER
HER R B T, HAESRIA Y A T A
T B AT OGR4 B 3 A s et T %
ZISEIY) Fr, RIFBOC S SRR, RET
FEE IR A E S OUR TR, VAT S50 5
ZHAREFZRA TN TRRERE, AmiEEN
AR I TR TR Bk g (6284,
TEBOGRIES B BARSE R A, AN AR 72 A BASR
T MR A1 51 . Sakamoto ZEBSIR F Rz Fh ik
J6(1064 nm, 11.3 ps)fE4HI4 (100) T HFF/E 1
FWEAT . AT TE S BT R R RO R R 51 2 T
MOEY) A T2, AR T REHE (111) mfE
o, ISP T (100) M E) SR EEOLY . @
THOLT, (111) TR SN PR, Kt
£ (111) MY EEE 5 LB B (LA 18 HE
19). AW, 5 (111) mAHEE, (100) [HIFELTJ71H
KU BE LS. HEERK, HERSHT
SEHH AV AN Z) kb B . Sakamoto £85I 4 T IO SR
RRPPFIRAL T YRR, HF3R15 T8N 300 pm.
BRI EHRE 28 20 um &R YR FER . B
FEH, WOCHR BT AMUEmRLE R, ExEN
AN A2 D E A . i 18 Fiow, &
IEX Sk 2 I HREPEIEAR, RN 540 B & W
FEe X —RINTH R SR R
IR AR B EEE S, R FIRHE T 7

[001] [010] & Laser beam direction

[100] Modified region

Diamond
Crack /
° \\ @ o0
] [ X J
of o0
) [ J
) [ J
i
(Stepl) (Step2) (Step3)
(a) Pattern 1
Middle space
o000 (N ) ® 0 .00
o 0 0
o000 () () .O .Q..
o000 o000 ..Q....
o000 o000 ( N M N J
(Stepl) (Step2) (Step3)
(b) Pattern 2

K18 A [001] 77 RS B RO BOLI S 517 B )
Fig. 18 Schematics of the laser illumination sequences
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Fig. 19 Extension of modified area observed from [010]
direction of high-speed camera image®®
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Fig. 20 Schematic diagram of LNC (laser-nucleated cleaving) process(®®]
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(d) Schematic diagram of the experimental device for the first modified layer
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Fig. 21 Laser induced graphitization diamond slice process(”]
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(a) Laser fluence of 16.98 J/cm?

(b) Magnified image of the
marked area b in Fig. 22(a)
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(c) Magnified image of the
marked area ¢ in Fig. 22(a)

(d) Laser fluence of 45.27 J/em®  (e) Magnified image of the
marked area e in Fig. 22(d)

(f) Magnified image of the
marked area f in Fig. 22(d)
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Fig. 22 Internal morphology of microgroove under different nanosecond laser fluencest®!
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(a) Laser fluence of 2.83 J/cm®

(b) Magnified image of the
marked area b in Fig. 23(a)

(c) Magnified image of the
marked area ¢ in Fig. 23(a)

(d) Magnified image of the
marked area d in Fig. 23(a)

(e) Magnified image of the
marked area e in Fig. 23(a)

(f) Magnified image of the
marked area f in Fig. 23(a)
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Fig. 23 Internal morphology of microgroove under picosecond laser fluencel®8]
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Fig. 24 Microscopic morphology diagram of conical abrasive
particle array structurel®
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Fig. 25 SEM images of detritus produced by laser processing
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Fig. 26 The average depth to width ratio obtained in diamond
is 40 : 1 microholes(®]
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Fig. 27 SEM images of diamond micropores and hourglass-
shaped pore geometry!®!

(d) Geometric schematic
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(f) Local magnification of the
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Fig. 28 Surface morphology of diamond micropores under
different laser powers[®]
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Extended Abstract

As an ultra-wide bandgap semiconductor, diamond stands out with its exceptional properties: Mohs hardness up to 10, thermal
conductivity exceeding 2000 W/(m-K), a 5.47 eV bandgap, and chemical inertness. These attributes make diamond indispensable in
high-power electronics, optoelectronics, quantum computing, and aerospace engineering. With the rapid growth of diamond synthesis
technology, traditional mechanical machining faces insurmountable limitations in achieving sub-micron precision and fabricating
complex micro-nano structures. Laser processing, leveraging non-contact ablation, localized energy deposition, and precise parameter
control, has emerged as a transformative solution for diamond machining.
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The mechanism of laser interaction with diamond involves two primary steps. Initially, diamond is transformed into the graphite
phase through laser induction. After that, the graphitized layer is removed via vaporization and chemical etching to complete the
material processing. Surface graphitization occurs as a result of photon energy exciting the transition of sp3 bonds between carbon
atoms to sp? bonds. This process is influenced and directed to a certain extent by laser parameters and the thermal gradients in the
laser - irradiated area. Regarding the mechanism of laser - induced graphite removal, lasers with different pulse widths, ranging from
continuous lasers to extremely short femtosecond pulses, behave differently. Laser pulses having pulse width exceeding one
picosecond can heat both the lattice and electrons simultaneously. In contrast, laser pulses with a width less than 1 ps mainly excite
electrons through nonlinear ionization. Nanosecond or longer - pulse lasers typically cause lattice heating, which can induce solid -
solid phase transitions, amorphization, melting, or evaporation. On the other hand, femtosecond lasers remove material through
expanding plasma, which helps reduce damage to the remaining surface. Based on these differences, each type of laser has its own set
of advantages and limitations in specific applications.

Regarding surface treatment and polishing, while laser processing outperforms mechanical methods in efficiency and material
loss, its final surface roughness traditionally lagged behind mechanical polishing. Recent advancements in multi-laser source
polishing, laser-assisted polishing, and pulse burst mode have demonstrated transformative potential. High-power lasers with pulse
burst mode (energy density <5 J/cm?) reduced surface roughness by 50% while maintaining minimal HAZ (<3 pm). Furthermore, a
hybrid process combining laser trimming and plasma-assisted polishing (PAP) achieved atomic-scale flatness (Ra <10 nm). This
method uses laser pretreatment to remove macroscopic defects followed by plasma etching for nanoscale smoothing.

In surface treatment and polishing, while laser processing outperforms mechanical methods in efficiency and material loss, its
final surface roughness traditionally lags behind conventional mechanical polishing. Recent advancements in multi-laser source
polishing, laser-assisted polishing, and pulse burst mode have demonstrated transformative potential. Sequential polishing with hybrid
laser sources (e.g., nanosecond + femtosecond lasers) combines ablation effects and defocused beam strategies to reduce peak-valley
height differences while maintaining laser energy near the ablation threshold (<5 J/cm?). This approach minimizes thermal damage,
ensures optical surface quality, and enables precision material removal. High-power lasers with pulse burst mode achieve 50%
roughness reduction (e.g., from 0.41 um to 0.2 pum Sa) through energy density optimization (<5 J/cm?), resulting in minimal
heat-affected zones (<3 um). Additionally, a hybrid process integrating laser trimming and plasma-assisted polishing (PAP) achieves
atomic-scale flatness (Ra <10 nm). This method uses laser pretreatment to eliminate macroscopic defects followed by plasma etching
for nanoscale smoothing.

Summary and prospects Laser processing has demonstrated transformative potential in diamond machining. However, current
technologies face several challenges. Laser polishing of diamond requires further roughness reduction, with sequential multi-laser
polishing, pulse burst mode processing, and laser-assisted polishing representing viable next steps. Mitigating thermal damage from
long-pulse lasers and improving efficiency of short-pulse lasers are critical for widespread adoption. Future research should integrate
short- and long-pulse laser advantages through process design or source selection to achieve high-precision, high-quality, and
low-defect machining. In recent years, innovative technologies such as Bessel beam shaping, femtosecond laser direct writing, and
laser microjet have further broken through the limitations of traditional processes, providing brand new solutions for the
manufacturing of quantum devices, optical components, and high-precision microstructures. In conclusion, while challenges persist,
continuous advancements in laser technology promise to address these bottlenecks, enabling scalable diamond machining for
next-generation applications.
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