Chinese Physical Society
Mﬂﬁﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

BAFETHERBAFRNANERR
FH OLEE B Jg RWE THR

Thermodynamics of laser plasma removal of micro and nano—particles

LuoJu Feng Guo-Ying HanldJing-Hua  Shen Xiong  Zhang Li-Jun  Ding Kun-Yan

5|5 B, Citation: Acta Physica Sinica, 69, 084201 (2020) DOI: 10.7498/aps.69.20191933
TELER T View online: https:/doi.org/10.7498/aps.69.20191933
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

o il 5 B AR AR T R S A AP T
Equations of state and thermodynamic properties of hot plasma

PB4, 2017, 66(3): 030505  htips:/doi.org/10.7498/aps.66.030505

S5 — IS 5 3 oo~ AH IR TAR AT

Investigation of interaction between a —Fe metal and H atom by ab—initio method

PIBEAEAR. 2020, 69(5): 053101 https://doi.org/10.7498/aps.69.20191775

il P TR ROK RUBE G R BORLAE 93 1 2247
Dynamical behaviors of Sn micro—sphere particles under shock wave action

Y2, 2017, 66(10): 104701 https:/doi.org/10.7498/aps.66.104701

TR DR i 3 PR T 2 AR

A thermodynamic model of grain—grain contact force

YA 2018, 67(4): 044502  https:/doi.org/10.7498/aps.67.20171441

INFNBOLTS 28 A B TR GRS R PRI 5
Characteristics of radio—frequency emission from nanosecond laser—induced breakdown plasma of air

YIFREH. 2017, 66(18): 185201  hitps://doi.org/10.7498/aps.66.185201


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20191933
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.030505
https://doi.org/10.7498/aps.69.20191775
https://doi.org/10.7498/aps.66.104701
https://doi.org/10.7498/aps.67.20171441
https://doi.org/10.7498/aps.66.185201

) 32 % 3R Acta Phys. Sin. Vol. 69, No. 8 (2020)

084201

A ER FEER WA BR R S FH R

Fax  GEFE  mae

W KA T

(MNRAE L FE 2B, 1)1 610065)
(2019 47 12 J 20 AIRE]; 2020 485 2 H 1 HIREHESR)

T 2% SO e — L R TR 4 485 P T 3 O At R A0 2 i 9 S B TR 3R 22— % A A oK 2 JB ORE A% St 14
T (A TE TS MELLLBR, O 55 8 1M o ity i BoA i TR AR, T LS S oK o8 0 2% BRUORE 1) 2%
Wi, AT AR BT T3 AR SCEEBEWETE T OS5 8 1 0K 25 BR B oK ORI 7 b i R 222800 SRR gE 1
POL A5 85 7 A A ) ik o BT X Si BRI b ALURL 25 B 5 B ORI A5 AR 1, T BRI, 2 T A T o 1 e 728 1
NIRRT, — S RBORE A B AT A A2 AL RO BRI, IR T A B R AR SO R AR T AR T
BFFEWORL Y 2S A AR, T el e A 1 BB OIS, 45 3 i P T8R4 3R P e M ) A R4 TRD i, T BR
TUASAU 7 2BIE 5 WO 5 8 1 i ot 4 s 5 1l FEE T RO A FH AL, 49 38 7 A PAY B B 170 722 4k 4 7 ) 23 A7 L
JE A1, IFAE SR _E A5 B 45 8 RO 0RE 9 34T 22 VR TR

KSR SRR, BORIIRE, URARAS, 15

PACS: 42.25.Bs, 52.77.Bn, 42.70.Hj

1 5 =

Bl SR T T A, BB A R RS
AT /I, ol A5 2 1T %) T AR B I Sl ER 11,
e EIRE AT, Jeon R TG A S EUOE
HOT R R A Ak, WPGEE TR R P ek
R, 22025 (R R 5 AE RS R T I/ INFFAE R
S 1/4 B, 22 SRR BB R S ]
DA KRR R s 2 B, A OGS B T AR b o T
e (LSC) HEAR, Z AR T 2B e 3Lt A4
W —F R e TE VR R, B A R
Fy bt T B8 A R TR A0 25 o 258 ARG S AT
FT G FURL A IR R i3 v b 4 T JR IR AY
105 DA ST Ve AR AR K a3 = 45 1. B0t
B PR RBRER, B NAMIFSY LRI T
eI 0N AT, 2001 4E, Lee F1 Watkins!®)

DOI: 10.7498/aps.69.20191933

EBRRARZ) 1 pm 4B AR, figdk T RO
LA TRORH R ORE Y DR RCRAS R R 2002 4T,
Cetinkaya %5 Bl 5% 0.5—1.2 pm ¥ SiO,, #2H T
WOk 22 Bk = AR IR VEHIMLEL; 2016 45, whttess W
BT vhiliil, 7H8R T RBRAAE. CBR L, TS
BT G HARE IR, TR S 25 5
F %, 2005 4, Lim 45 9 PR A0 55 B iR ip b
TR, AF9E T ANFIBOESECT iy b s ki
A, X ROK ) BURL bR 22 45 1 5 wh s i (1) 3
BRI RRIAT T g, UESEA N KR ) 2 Bt
5 WOGE S 00 vhdi i 30 77 256 AR 3 A AH M L
KOt 5 B R B i s R R 2003 4
Vanderwood F1 Cetinkayal™ X745 [ & 1) Je A I iF
FTYRRITURL I 25 B IC 50, S0 e S5 45 42 ph 44
S5O FIALARSON, A BV P ). SR BLAE X i
i 25 BRI oK R 25 B B B AT T K = A
GE BT SR RER A3 R A Th T I &k0n; oY, AR

*ER A RPIASES (S 11574221) FNPU)IAE B ABE T (S 2009YFG0263) B Bl A IR

t BIEYEH. E-mail: hjh _scu@163.com
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

084201-1


http://doi.org/10.7498/aps.69.20191933
mailto:hjh_scu@163.com
mailto:hjh_scu@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 69, No. 8 (2020) 084201

D2 [ FS BRI LA S 55 B0 AR SO A i
T BRI K BORL A HERT -, 581 8000 x k:
7 HE IR A B RSSO0, X UKL A= VR T, I HLAS
P 45 LR T E A ) 28OS X UKL ) ) 25
EE:AE

21 KWwEEE

S0 30 o SR PO PR g A R A A S TR
R L BRI Si(hE) FE SR L ALGER) TN
KIBURL. S FH B2 B A A Nd: YAG
PotBOEas G 1064 nm, BKFEk 12.4 ns,
TRER A 5 Hz, SGR RF), LK% ER = K
El 1.

WOk v i 2 i — B 4 A e S A
R, 55 —&B 43 i R A 200 mm R BT
AR, I HAE AR S TR S Y IE 17, TR

P ROESE B b B (IRISFHOLS R 5
BAEa SE SRR, B O R BIE R A

JE d AT, W RERAT R TIEL, 1R EIFEA R
THOL: JERHIIR | JURE 25 5% | BURAH S 45 T B % i
IR d), DA SEBEAS [R) ) L BRABCR.

2.2 SSBEREIE

4 Si R RTE 2 B K TP A IE BE 30 min; 7R
LTS WD B R HAZE N 100 nm [ AL kAT
BEFETEVE, FHR A HEEE 3 by Bk e ny
Si A BCEAEAS BRI EE IR T BB OB AR L.
5 2] 1y 3k 5 AE 5 7E 7 4 H BE (scanning
electron microscope, SEM) T #1755, 15 2|k
A Al YRR Y SR AR S ) SEM B ANE] 2 Fos.

2.3 XIWHER

SEERTEMLE 28 °C, 2 SAHXREE 24% RH 1)
FHIAEE T, HEAT AR UL ) 25 B S50, X S5
SERIA T AR DA S PR R B ER . S8e
H, B d 2 0.3 em, BEEESH 430 mJ, TEA R Kb
BONHEATHOC SR B R v e L BRI ST, 155
(S0 45 ARG WA T HEA T AR, 13 Al 3
Ji7R.

Spectroscope

% Computer

1 SRRER A

Fig. 1. Schematic diagram of experimental setup.
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Fig. 2. SEM images of original samples: (a) Overall picture; (b), (c) partial enlarged pictures in (a).
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Fig. 3. Experimental pictures of different pulse numbers at 2000 x optical microscope: (a) 1; (b) 2; (c) 5; (d) 10; (e) 15; (f) 20;

(g) 30; (h) 50; (i) original sample coated with Al particles.
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B 4 ARk B LRSI SEM B (a) 1; (b) 2; (c) 5; (d) 10; (e) 15; (f) 20; (g) 30; (h) 50
Fig. 4. SEM images of particle removal under different pulses: (a) 1; (b) 2; (c) 5; (d) 10; (e) 15; (f) 20; (g) 30; (h) 50.
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Fig. 5. SEM images of particle fragmentation and melting phenomenon: (a) Fragmentation; (b) the enlargement of fragmentation in
(a); (c) phase transition 1; (d) phase transition 2.

FZ PR —Fp R IR L BR A B A R FE 5(b) i (Kl 5(b) J2E 5(a) JREHOKR); 75—
AR S B , I TR () S0 A S BRE T T PR AE R R BRad Fe r, — SOk A wpik B E R
IRIRAGENIC (BEBE: IR BRIA HIER ), Wl 5(a) AR A ISR /N AR I R AR AR Y U Y Ak

084201-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 8 (2020) 084201

B, BN, e 3 FE 4 BT UL R
SRR SR/ NPURLG £ S B BRAEEE RN A
BRI S S E T R P RUIE P (YR ERIE TR A
B, Uk IR B 5, B R A AR, WA 5(c) PR,
Ty, KIORE B 5 7E S IR B 3 5% B 1% 20 et
Wi, FE—URAE pp o 9 A IR R & AR AR AR
K 5(d) Fizs. BE 5 FE 2 BEAT Hed, AT L)L & BEAH
R Je P RIURE S SR AR URA 7 7R 25 52, TR Rk
T/ INURL AT ST R, B RO (PT RE S AR RE
TR BB ERCIR Y ) L 1 B R /N Uk N
LI B AT SR 4, i AH AR UL ' 1 BR AR AT KA
/AN, BLERIR BTG BRI ORI . R, ke
(R FIURE RS K/ INFEAE 22 5%, BLRIBORL HLAS A o) &
W, N ERAE 2255 (75 22 5 R AL 0 5 3L S 1
FhA71). B SEg ey L A R e e AR
Je , FOURLAE o TR i T, 2 0 & A i R AH AR,
DR, T B FHGSON 25 SR

3 HIp M

IR 25 B T VA O e 2 R B
PR B BOBIK BB, T B LA 25 R s i
B, FECRIAN 946 T, IR A 2
RIS, F 4 ST RRSE.

3.1 NEHNHH

HOCE B TR SN, T RS B 1 i
i, HALAR AT LI (1819

R(t):Moct{l— (1—MLO> exp [— a(i?)g] }-l— Ry,
(1)
dr _

dt

_ Moc{l - (1- Mio) exp { O‘(Z)>}
I

X, R F s ip il Ae; U s obd W iy
Pt L, e 28 oh i P A AR XTI 8] ¢ BEA TR
TRENAY S R PTH; ad W R UT, BEAR R 4/3;
Moy SERBHETE JC bl S A1 P B B s b e oK B

" 1/5 0T B
B 0o = () 1 By AR

U(t)

Il Ae . AR SO B IE S ) Taylor-sedov # Bijf%

e, I B SR RORAER, 15 2800 vh ik

T4 1B 5 S gl [a] () G 2 R 120
(&) e,

apo
B=w(N+1)(N+2)/[N(2+3N)], (4)
v po 2 25 B TR B2 AT 1.3 w J2 UM 2L
AR NI 2; O BRI, N3, TR
RERHRAUTIHR T, P& Rom il LI R o

P =

Horby s S HOVE, B 4/3. 2% & ARTE ] BK iy
BT, #(1)—(5) 2 AT #5381 w5 D 30k A 14 4 5t
MR E R R 2R, W 6 Fis.

1010

(2)

109 &

108 £

P/Pa

107

106

109

108
107k Py

106

P/Pa

105

104

S/mm

6 T BRI (a) oy iR R B B AL R AR
AL (b) PO TR, Py U] 6] 5

Fig. 6. Propagation of shock wave: (a) Changes in shock
wavefront pressure with transmission radius; (b) P; is the

normal pressure, P, is the tangential pressure.
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Table 1.  Related parameters of Al particles and silicon substrate.
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Bl 7 A BRIC A BT - [ o ) AL P 7 ) 437 [

(a) 103 MPa; (b) 743 MPa; (c) 348 MPa; (d) 165 MPa

Fig. 7. Finite element analysis-stress distribution in the particles at different times: (a) 103 MPa; (b) 743 MPa; (c) 348 MPa;

(d) 165 MPa.
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Fig. 8. Changes in shock wave temperature with wavefront

propagation radius.
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Fig. 9. Finite element analysis-particle melting diagram.
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Abstract

Micro-impurity pollution is always one of the key factors affecting the quality and service life of precision
devices. Micro-nano impurity particles are difficult to remove by traditional cleaning methods (ultrasonic
cleaning, etc.) and low removal efficiency by laser cleaning methods (dry laser cleaning, etc.). The laser plasma
shock wave has high pressure and high temperature characteristics, which can remove nano-scaled impurity
particles, and has great potential applications. In this work, we mainly study the thermodynamic effect of the
laser plasma in the process of removing micro- and nano-particles. In this work, the Al particles on the Si
substrate are removed by laser plasma shock wave, and the transformation of the particle state is discussed
through the changes of the experimental sample morphology after different pulse effects. The experimental
results show as follows With the increase of the pulse number, the micro- and nano-particle residues gradually
decrease. At the same time, on the surface of the sample after these particles are removed, it can be found that
large particles break up into small particles, and some of the particles will change into smooth spheres when
their temperatures reach the melting point. These phenomena are the result of the interaction of the
thermodynamic effect of the plasma. In order to study the transformation process of particle state, based on the
plasma shock wave propagation theory, the evolution law of pressure characteristic and temperature
characteristic of shock wave are obtained. From the evolution law, it can be seen that with the increase of shock
wave radius, the pressure and temperature gradually decrease. When the shock wave propagates to the surface
of a sample, it can reach the compression threshold and correspondingly the surface temperature arrives at
melting temperature of particles, which are consistent with the experimental results. By using the finite element
simulation method, the pressure and temperature of laser plasma shock wave acting on particles are studied.
The stress distribution and temperature distribution in particles varying with time are obtained. The analysis
results are consistent with the experimental results, and therefore the thermodynamic mechanism of plasma on

particles is obtained.
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