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(a) Optical photoof a CVD single crystal diamond (b) SEM image of a CVD single crystal diamond
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Fig. 1 Surface topography of a CVD single crystal diamond
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Fig. 2 Schematic of femtosecond laser processing of diamond
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Table 1 Parameters of the femtosecond laser

Property Value
Laser wavelength/nm 1030
Repetition frequency/kHz 50
Pulse width/fs 228
Laser fluence/(J+cm *) 3.84~24.34
Scanning speed/(mm-s ') 10~100
Scanning times 2~10

TREPEOL N T WA BRORE S 6  MI A RO AT T — AR B R I e A, B BOUE SR AE L = 4IRS
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TR AL B0 AL (FEE WITec 28 Rl 70 H7 1 <5 KA (oRs P 3 K% 3 Bl ey e ke 32 B 0 1) 00 Jo jl o, [ s i )
I ANSYS A FRICHFRALL T R ARG BE i WA B9 IR BE 7, 20 1 6 M B B 25 BRPLEE

2 ER5WiE

2.1 TEFECE I TS ET & R e o X 5% B R 0
211 mAREEE

SEH R, B R BB N 10 mm/s, 315 RBCBE B D — W, WO BE R R 3 BB E Y 3.84~
24.34 J/em’, [ 3(a)~ () B4 1 T 3R RIHOLRE &% BT REMBOL N T4 W7 fB0Rs 9 3% |2 3L SEM
P Ho o (0 A e 2 A3 4 I OB A T G e B o TR Hh Rl 0 Bt 30K RE 8 % B2 A9 38, o T DX 2
LB A S WA ORI 2, 18] 3(d)~ (D) /2 3(a)~ () Hh 4 WA RS 3 24 80 (CRE IR b i DX 30 199 J) 34
ORI, AT LAY 2 3t 7 30 2L 80 50 1) JL T 4002 W 2 4 W1 0 (110D @l ), KBS WO 4y 1) 52 45°J
Pl 3(g) ~ (1) J2 4 W A7 TR 320 % B 30 DX IR Jmy B R SEML I o 24 JOG RE 1 5 2 O 3.84 T/ cm® I, <6 W A7 TRl
TGk I X S 5k B A 22 N OR A 5 S OG BE B W IA B 14.08 T/ em” i, <5 WA GO 340 2% B 30T IX 3k 0 B ARG 4
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Scanning direction

’ 30 um 30 pm
SUS000 5.0kV 5.2mm x1.50k SE(L) SUS000 5.0kV 5.2mm x1.50k SE(L)

(a) Surface morphology of microgroove  (b) Surface morphology of microgroove  (c) Surface morphology of microgroove
at 3.84 J-.cm? at 14.08 J-cm? at24.34 J-cm?

30 um

mm x1,50k SE(L)

5 um 5 pm 5 pum

SU5000.5 kY=gt 0K

(d) Enlarged SEM image of crack at (e) Enlarged SEM image of crack at
microgroove center in (a) microgroove center in (b)

(f) Enlarged SEM image of crack at
microgroove center in (c)

SUS000 5.0kV 5.3mm x30.0k SE(L) SUS000 5.0kV 5.3mm x30.0k SE(L) SUS000 5.0kV 5.3mm x30.0k SE(L)

(g) Enlarged SEM image of ablation (h) Enlarged SEM image of ablation (i) Enlarged SEM image of ablation
debris around microgroove in (a) debris around microgroove in (b) debris around microgroove in (c)

H3 kOB ARmeN o fEmRafmRga Mgt EEE N TR AR
Fig. 3 SEM images of the micro—cracks and ablation debris at the diamond microgrooves in terms of laser fluence
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Scanning direction

30 um
m x1,50k SE(L)

(a) Surface morphology of microgroove  (b) Surface morphology of microgroove  (c) Surface morphology of microgroove
at3.84 J-cm? at 14.08 J-cm™ at24.34 J-cm?

e o

(d) Enlarged SEM image of (e) Enlarged SEM image of (f) Enlarged SEM image of
microgroove center in (a) microgroove center in (b) microgroove center in (c)

' o L
e L ‘,‘-f' “‘NV o -
™ ANeY o

T SR TR s,

O e e g

U St * L M

500 nm 500 nm

500 nm

5 2mmd SE(l SUS000 8,0k¥8,.2mm x80.0k SE (L)l

(h) Enlarged SEM image of (i) Enlarged SEM image of
microgroove edge in (a) microgroove edge in (b) microgroove edge in (c)

B4 BHEEMeN T HENETRAYREACLE B TEN T AR

Fig. 4 SEM images of the diamond microgrooves in terms of laser fluence
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oK G5 ¥ A8 45 % L IC T 5 10 GORE 30 % 0 WOG R R AR, A R T AR R a0 i . S B O 50 mm/s
B}, RRE 00 % B 409 K 4% B0 25 W B R G SR R AR 25 AT BB K ST 9 K 45 80 A7 SE IR SR B0 A 45 0, 80T 1) 3%
WL, 25 BCR A AS WY 305 17 R R O b E TR BT R B T R 1 4 K S, 4 BUJE R 29 7E 460~550 nm Z i
M4 B BE S 100 mm /s B, BCOR AT DL BMORS 31 5% R A8 OK SR B0 BN OK SR L RN 38— LAk BT T B
S R T SO R 1 9 K S S0 I Ak SR R 2k SUJEL R 29 7E 560~630 nm 2 JH] 3 U B 4R
T I 4 8 5 BE AT DATE SO s XU BRI R 8 9 K AR B0 (A 2<ZR BRI, ELAN oK S 80 R Y
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30 um

S
30 um
SUS000 5.0kV 5. 2mm x1.50k SE(L) l SUS000 5.0V 5.2mm x1,50k SE(L)

(a) Surface morphology of microgroove  (b) Surface morphology of microgroove  (c) Surface morphology of microgroove
at 10 mm/s ‘ at 50 mm/s at 100 mm/s

0kV 5.2mm x1.50k SE(L)

SUS0005.0KV.5 2mm x30,0K SE(L):

SUS000.5,0kV. 5 27m %300 SE (L5

(d) Enlarged SEM image of (e) Enlarged SEMimage of (f) Enlarged SEM image of

55000 5 0KV ITEnaB0 Ok SELL)

microgroove edge in (a) microgroove edge in (b) microgroove edge in (c)

1 um 1 um

SUS000 5,0kV. 5 2rivm X300k SE(LY 1]

SUSHIQASORY 5. 2mim SA0.0K SEQL). -+ =2

SUB000'5.¢ 30,0k SE(L)

(g) Enlarged SEM image of (h) Enlarged SEM image of (i) Enlarged SEM image of
microgroove center in (a) microgroove center in (b) microgroove center in (c)

H5 “HBEREAN AHMENRTHAL T EALBHEEN T X R
Fig.5 SEM images of diamond microgrooves in terms of scanning speed
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Btk 7R TR 6 (a) ~ (o) o 4 WA SO Hots I GOV TE B o ST R R B0 h 2 U, Bl w0 HE 0 309 249 5 480~
520 nm [ 442K 2 80, 41K 2 BCR R R 249 SR 506 K 1 — 2 s MR B R 6 YR, 30 vh 0 1) 9l K S 800F
SR 2% FR 4 S 80 A W A, S B A ARG R Y R B 10 R B SO 0 A W I K SR B, iX
U WSO 3 8 U BN SR P 40 K % S04 F (R T L AT S S S B AR B B T RO e 23 B
JEL 1 2 30 P D — 21 (R AN K SR 0, B 340 % BRI I TE 140~230 nim 22 [ (19 2% 250 5 {FL 2 0 SR 980 451 i vk 8K
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30 um 30 pm K 30 um
S

SUS000 5.0kV 5.2mm x1.50k SE(L) SUS000 5.0kV 5.1mm x1.50k SE(L) S
(a) Surface morphology of microgroove  (b) Surface morphology of microgroove  (c) Surface morphology of microgroove
after 2 times after 6 times after 10 times

. = = 2 . 1 um ) - ys
5115000510k 5 2 30,0k SE(L) 1 s SUS000 50KV 5:2mm x30:0K SE(L) ; j SUS00HBIERV'S. 1mm x30,0k SE(L)

(d) Enlarged SEM image of (e) Enlarged SEM image of (f) Enlarged SEM image of

microgroove edge in (a) microgroove edge in (b) microgroove edge in (c)

SUS000'5.0KV/5 2 x30.0k SE(LY - 55 SUS000 5.0K7S 2mm XD Ok SE(L) SUS000'5,0kV.5:2mm x30.0k SE(L)

(g) Enlarged SEM image of (h) Enlarged SEM image of (i) Enlarged SEM image of
microgroove center in (a) microgroove center in (b) microgroove center in (c)

6 RO B k4 R A O B0 R T BT A R OK K B R % R
Fig. 6 SEM images of diamond microgrooves in terms of scanning times
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(a) Variation of the width of microgrooves with laser pulse energy (b) Diamond ablation threshold fitting curve

H7 &R a6l %G Bt oy & 2 8 & ok R DLRBOE S B P o7 Fe ot o s E TSl By X A
Fig. 7 Variation of the width of diamond microgrooves with laser pulse energy and linear fitting of square of microgroove width

versus logarithm of the laser pulse energy
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T=D/N (2)
X, DO CH IR NI ARk o . T S ROMK nh Bt ik 500
N=rFke2w, /v (3)

Ao HI R A= 1, WO B AR 0,—=22.3 pm, B IR =50 kHz, BOLH M # E v=10 mm/s. WL, it

4
3 -
LR
N
1k
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Y/um 20 40 60 80 100

Distance/um
(c) Corresponding cross-sectional curves in Fig. (a)

12
8l
E
N
4t
60 80 100 120 0 : : ,
Y/um 20 40 60 80 100
Distance/um
(b) F=24.34 J/cm? (d) Corresponding cross-sectional curves in Fig. (b)

8 KAWL T & W B AR 89 = A A A R R T d &
Fig. 8 Three-dimensional morphologies and the corresponding cross—sectional curves of femtosecond laser—processed diamond

microgrooves
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Fig. 9 Variation of ablation rate and material removal rate with laser fluence for femtosecond laser processing of diamond
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Fig.10 Raman spectra analysis of diamond microgrooves processed by femtosecond laser
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Fig.11 Effect of different laser fluences on Raman spectra in the central region of diamond microgrooves
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Table 2 Physical properties of single crystal diamond™"’

Property Value
Thermal conductivity £/(W-cm K ') 20
Density o/(g-em ) 3.515
Specific heat capacity ¢/(J.g <C™") 1.827
Convection heat transfer coefficient 2/(W-m™*K™") 10
Absorption rate 0.25
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(a) Finite element simulation model of laser processing of diamond  (b) Temperature versus time curveat the center of the laser
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Fig. 12 Finite element simulation model of femtosecond laser processing of diamond and Temperature versus time curve at the
center of the femtosecond laser
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Fig. 14 Temperature profiles along X direction and Z direction in the diamond irradiated zone at the peak power moment
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Ablation Characteristics and Material Removal Mechanism of CVD
Single Crystal Diamond Under Femtosecond Laser Irradiation

WANG Hui', WEN Qiuling'*, HUANG Hui"?, HUANG Guogin"*, JIANG Feng'?,
LU Jing"*, WU Xian’
(1 Institute of Manufacturing Engineering, Huagiao University, Xiamen 361021, China)
(2 State Key Laboratory of High Performance Tools, Xiamen 361021, China)
(3 School of Mechatronics and Automation, Huagiao University, Xiamen 361021, China)

Abstract: Diamond has a wide range of applications in the field of precision and ultra—precision machining
of hard materials, high frequency and high voltage electronic devices, chip thermal management, and
precision optics due to its extremely high hardness, excellent thermal conductivity, extremely high electron
mobility, and wide—band optical transparency. Furthermore, it has been demonstrated that the preparation
of microstructures on diamonds can significantly enhance the performance of diamond-based devices.
However, it is difficult to efficiently prepare microstructures on diamond surfaces using conventional
mechanical or chemical methods. Laser processing has become an advanced method to fabricate diamond
microstructures due to its low cost, simple process, non—contact machining, high flexibility and high
efficiency. Currently, most studies are focused on the optimization of processing parameters and the
preparation of diamond microstructures. However, little attention has been paid to the effect of laser
parameters on the micro/nano-structures in the laser-ablated area, and the material removal mechanism of
the femtosecond laser processing diamond is not clear. Here, in this work, the effects of laser processing
parameters such as laser fluence, scanning speed, and number of scans on the microscopic morphology of
diamond microgrooves were investigated. The ablation threshold, ablation rate, and material removal rate
of diamond processed by femtosecond laser were further obtained. Then the phase transformation of the
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diamond under femtosecond laser irradiation was analyzed through Raman detection. The effect of laser
fluence on the Raman spectra which was detected at the central region of the diamond microgroove was
further investigated. The residual stresses in the center of the diamond microgrooves under different laser
fluences were calculated based on the wave number shift of the diamond peak. Finally, the temperature
field of femtosecond laser—irradiated diamond was simulated using ANSYS finite element software, and
the removal mechanism of diamond material was analyzed. It was found that femtosecond laser ablation of
diamond microgrooves resulted in a clean surface and debris—free edges, but micro-cracks along the {110
crystal orientation appeared in the laser-machined area. Periodic nano-ripples were formed within the
microgrooves. The topographies of nano-ripples were closely dependent on the laser processing
parameters. As the laser fluence increases, the order and uniformity of the nano—ripples in the microgroove
first become better and then gradually become worse. With the increasing laser scanning speed, the
periodicity of nano-ripples in the center of the microgroove becomes larger, and the nano-ripples at the
edge of the microgroove become discontinuous and uneven. As the number of laser scans increases, nano-
ripples with a periodicity close to half-wavelength appear in the center of the microgroove. However, with
the continuous increase in the number of scans, a large amount of heat accumulation is imposed, leading to
irregularities in the nano-ripples at the center of the microgrooves and poor uniformity of the nanoripples at
the edges of the microgrooves. The ablation threshold of CVD single—crystal diamond was experimentally
calculated to be 3.20 J/cm®. When the laser fluence was increased to 24.34 J/cm®, the ablation rate of
diamond was 44.8 nm/pulse, the material removal rate was 4.34> 10" g/pulse, and the residual tensile
stress was increased to 1 389 MPa. The Raman detection revealed a very thin graphite layer at the bottom
of the microgroove, and the thickness of the graphite layer was theoretically calculated to be 11.1 nm.
Finally, Simulation results illustrate that the temperature at the center of the femtosecond laser beam has
far exceeded the temperature of diamond sublimation. In addition, the femtosecond laser energy irradiated
on the diamond is mainly distributed on the diamond surface, while it conducted to the inside of the
diamond is very little. The thickness of the graphite layer obtained from the simulation is very close to the
theoretical calculation.

Key words: Femtosecond laser ablation; CVD single crystal diamond; Nano-ripples; Ablation rate;
Graphitization; Residual stress; Temperature field
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