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Abstract

As a two-dimensional material, graphene has been widely studied for its ultra-high thermal conduc-
tivity, especially in the field of electronic device cooling. However, the high thermal resistance at
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the graphene interface limits the application of graphene in the field of heat dissipation. In order to
improve the heat conduction efficiency of graphene interface, the effects of energy of ion irradiation
on the thermal transport across the graphene interface are investigated in this paper after gra-
phene irradiated by focusing gallium ion beams. It is demonstrated that the interfacial thermal con-
ductance of Al/graphene/SiOz shows an upward trend with increasing energy and increases up to
nearly 3 times at the energy of 30 kV. The experimental characterization and theoretical calculation
results show that Ga ion irradiation destroys the original lattice structure of graphene, leading to
the reconstruction of C/0 chemical functional groups on the ion-irradiated graphene surface, which
intensifies the adsorption strength between Al film and ion-irradiated graphene. The increased in-
terfacial adsorption strength is beneficial to more phonons being able to transport across the inter-
face, and finally leads to the increased thermal conductance of Al/graphene/SiO:.
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R M sp? ARAGERL R IR 1 HERR I G 7S A B0 IR SR A A I T R M R
THAMRFHPME 1] [2]. B3] HE[4]-[6]F#EE[T] [8I1TERE, MBI TE H T 2=V B & A &
RSN . filtn, s BA BN G, A BT IGEIE A T aaRaE A T, gEmk
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AL 2 5 B R AR Bl R, BN E - A AR IE AL A Hoa SRR 55 VO TR AR E S e
EHLE fidh 25 AW B £ — 2 T T A A I, B ST (V2 1) 7 1)) PR A% S 8 2 IS TR A 8 045 T P 7 1)
BRI, N FH A S50k 52 21 5 Az RO PR, an SR PR I IRE . DR, v sl i
P SR 0 S B IS R, 0T SR AE T SR A RE B b (1) S PR B A B E A R E RN S PR R S

AR, RHIEA GO s A SR A B s AT T ORE R SEIG I &= [9]-[ 14 R ER 7T 10] [15]-
[18], B8 7 BEHEJE. 640, Hopkins Z5[91WF 70K, b 2EThREAL A B 47 8807 5 AR R 2 T8] ) AL Th A 5
RET 26, XARTHENEE - ARG AE . Foley 5[ 1010 LRI, A 805 A M B ThREIL AT
DAPR A B0 AT AT, TSI REALAE FHRN Ko Tiang 25 [ 11 13E Rt 1 B A 88 040 2 T A S0 78 i bL R A 4% 0 28
IR, JFHRIL, &85 A 800 2 8 i) A e A S8 0 S A T = i 22K 3 . Han 55[12]
TR, @ IR T 5 DI Re A SR A 45 & S NN BoETE,  n A B 0 A R
o Tao FF[19IS RERH FRAH AR, MERE AR A F IR 7554, MR ER
SR TR BE I PRI T 2 1 S ThD HL AT BB 0 A A K

N T R R A SR S AT, SR A SR S R R, AR SOR A I SR R (time-
domain thermoreflectance, TDTR) /7 VA HF 77 B 145 [ At & X Al/graphene/SiO, FHHI FAFHNZ 52 o A7 554 1)
EFER B REEE FARORIH.. KRR T /1 BB (atomic force microscope, AFM)F1 X 528 ¢ H-F
fig 1% (X-ray photoelectron spectroscopy, XPS)F A 73 7l % B8 75 6 FiF J5 A 55 055 2 T (1P REDRE 5 /NN B fig
KRIPEATFNZRAE o BbAh, IR B2z o B AR DL S R 24586 bk R #0701 55 Al/graphene/SiO, 75 1
FESFEMPEAT, WA TERNE)E - AL LA E R ZEXT Al/graphene/SiO, F1H #4357k «
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Figure 1. Raman spectra of (a) raw graphene and ion-irradiated graphene at different ion irradiation energies; (b) Intensity
ratio of Raman D-peak to G-peak in raw graphene and ion-irradiated graphene. (¢) Raman 2D peak shift and corresponding
strain values in raw graphene and ion-irradiated graphene; (d) The average distance between adjacent defects in raw graphene
and ion-irradiated graphene and the corresponding defect concentration

1. FEIBFRRBERET, () REAERNEFRBASKIRSNE; b) REAEHMEFRERASGKHPHRED
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l(a)E7~ 1 SiO2/Si K B R IA A 880 5 B T A SR m P 8ol . BRIA A S5 7E~1340 em ™ Ak
KRHILGE D W, 7E~1585 cm™ LI ANERZI G g, XK ABERE R . A, 7E~2675cm™
AbTF) 2D W 5~1585 em ™! AR G U MBRE LU (Tn/do) 82T 2, R T A SBI6 1 2R [20]. 25 E TR
MG, Hhg D WA H I H R pE G 54w M M MG a8, 177 G WE[2 1B AR
B, BEE B TIRBEE RN K, DS G IG5 H(ne) il BT 2 0.59, Wi 1(b)fiR. XRBPETF
IR S R N T BREG, JF ELBRATE RS B4R R RR R O, [RIRE, 2D R 06 BE BE
W7 )R8 BT A8 58, 31X 5 SCHk v B SR B0 25 5 — 3K [22]-[24], R WA SBIE A8 T IR 4R AR, & 1(c) s
FEB THRMBRE RN 30 KV I, NARIA B KAE—0.17%, X —FLG ] H B T 5 740 IR I A b o S84 b o
C-C BERIWAR[23]. Bl 1(d)Brr, BFARMASIAE, A S i BRiER BE HEE 5 1 Hm  ae & 1 3G KT 1
I, X TR AT T R S C-C B, 5 ECh SIS R R A
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Figure 2. TDTR data of Al/graphene/SiO2/Si samples and their fitting curves under different ion irradiation energies. Among
them, hollow symbols and solid lines represent TDTR measurement data and theoretical thermal model curves respectively
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Figure 3. Measurement values of interface thermal conductance of Al/graphene/SiO2 under different ion irradiation energies
3. FEIBFIRBEEE T, Al/graphene/SiO: IR TSN EE
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Al/graphene 1 graphene/SiO; if, Ko P H [ELA MM FRENE S B RBUE . EAFREFHEERET,
Al/graphene/SiOo/Si £ i) TDTR E#E4 & 2k, Wikl 2 fros. AE 2 el US|, AR T 76 A S
B B 4R M SR A RE S, TDTR I 24 5 s A iR il 263 IR I v & 1.

] 3 Fe7n 7 TDTR Wl &15 2 (1) Al/graphene/SiO; ST #VF L5 R o X T 546 A SR AE o, W 2453 1) 57
HHRFL8 271 MW/m?K, 53R 29.3 MW/m?K AHIZEUE[9] [11]. X 55 748 B A S AL, A
FHEE B TR AR E I AL R BTSSR TR IREEE N 30kV I IA T H K E~83 MW/mK. 5
FRIGA RS S TG R IASIRS 1S M, SR oSG m A Smem 3 6%, X%
HH B8 12 R 8 A S L T I8 1) — P B I sy 2 ) s e I A R S R R R AR R SRR
THEIEGEE, W LA ROME Al/graphene/SiO, FTH I Vi iz

3.3. AFM JIEZERE 9

TR A RIS B T RIS Al/graphene/SiO, SIS HE S N ENLEE, fHH AFM & T R
U s i AN S R I SR T SR A R A . 19 4 R TS FHRBET S A SBIA 1) AFM RHEE .
HFA SBImEAEN, R THREREE N 30kV TEKE TR AEME, H AFM R E 200 H
HEE S, XERWE PRI T ASER IR . shAh, fEB T A B R i I T %4
giky, X 50T ARIE IS A —B25] [26], UESE T B TRR BT LA R A SR AR AR

Figure 4. (a) AFM surface topography of raw graphene; (b) AFM surface topography of ion-irradiated graphene at the energy
of 30 kV
4. (2) RIBAZEHE AFTM REHEE; (b) FEEE30kV T, BEFRBAZEHEN AFM KEFIRE

Table 1. RMS surface roughness Ra of raw graphene and ion-irradiated graphene under different ion irradiation energies
F 1L TEEFREREET, RIAAEHNEFRBAZGNHSRETEBREERa
TR AR (V) 0 0.5 1 2 5 8 16 30
Ra (pm) 637 658 670 678 737 771 796 860

F BT AR S FRBRER N ARG IR R R ERa. W 1| Pl LUE H, BlE & TR
RER IR, A SRR IR R RS I K pa % . 5RGASmML, B rERLIEA 2GR
THRELRES B2 (R B84 I 2N 35%, 3% 8 Al/graphene/SiO, FHH#A S 42 =1 LR N 30%. #Rifi, 5 TDTR
RS AT 3 A, SR A R EERE 5 R R S AT IR IR RN, X R A SR
FIMRLRE BE 114 K JFE 2 Al/graphene/SiO; SIS F i F ZFE F . 1Ak, £ FHaBEEEA#ET 2kV
B, SR 0 2 AR B A 637 pm BN ZE 678 pm, i LA U & 1) Al/graphene/SiO, f ST #4 5 J LT R 5
A, IX R B B T IR G | A SR 3R TR FE 38 KT Al/graphene/SiO, ST -3 R4 s AR
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BT IEER 7 SRR IR BSR4, S A SBBERIKAENF B A TR B2
B FECA R A AT R E G, P XPS HOR, 43k R 4h A 58 I A1 S 148 FE A S50 3R 1 Ak 2
HREAHEAT TAHNERAE . 9T b XPS & Ed I B e A S50k T 1 C/0 HREHFIZEAY, Cls ik
RAEFAINLL 284.7 eV, 285.7 eV, 287.1 eV F1289.2 eV N O IYA NI, tnlE 5 Fis, 5% NT C-C.
C-O. C=0FO0-C=0 8. HETE 5 FHEMHRA Cls MALEGER, 20HHE T C-C. C-0. C=0H
O-C = O BEMIETH A LRIV EE F 40 b, 2550055 2 Bk
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Figure 5. XPS fitting results of C1s on raw graphene and ion-irradiated graphene surface

5. BRI AEHMETFREBAEKEE Cls B XPS UALER

Table 2. Types, binding energy and concentration percentage of C/O functional groups on graphene surface before and after
ion irradiation

=2 BTRERIIGEAERERE OO0 EEEANEE, FAEMRERSLL

C/O E el 0-C=0 C=0 Cc-O c-C
it tEeV) 289.2 287.1 285.7 284.7
BT HR BT E A 4 H (%) 8.08 0 17.66 74.26
BRI TR E 2 (%) 6.58 6.17 27.49 59.76

wiE s fros, fEREE 30 kV ME PG A S, RIS C=0 LM H C =0 #
(IR B 5 LN 6.17%. A7 S84 C-C SN FE H 73 LU 74.26% 080 /0 3] 59.76%, 3 W8S 55 HE e A S0
H C-C R AR T Wi, X P S kS 45 W A A 5 BB P 7E AT S0 TP A, X 5 1 1(b) s 2 0 i 45
M8 SUbFEE, A8+ C-O BEMIRE E 4 LG i, A% 27.49%, XRPWIRN C-C #REK H
Rt C-O BEE#H C=0 #EEM . JRFET, M8 4R BE0, 54T 7 A S80%H i C-C 5,
FEAE T KEAMAE R, XEAMRE IR A 5 ST H0 27 0, 7 PRI 454,
JERL C-O 31 C = O B, DA, ilid XPS A4 R vl LIHERT HH, & FHa 5 EmE 75 H.0/0, 4 F2Z
A TS A, S50 Al/graphene M 45 &M R AL T 38
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s 6(a)Fim. Bl 6(b)FIE 6(c)sr MR TR A 300 B Eia S S5EE T EME M i s EE.
MR DLE K BT A AREE T 1 R T R AR B B e I A 88 3R C = O 8RR Tl
b, BRAUEETFEHRE TR TG i, BRTEAE - RN E I, EENME TR
BRI IR T KRR TN, XEWRERS ST A 886 2 8] 1) F T W B FH AR A R 365 .
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Figure 6. (a) The atomic structure and results of raw graphene and ion-irradiated graphene in density functional theory and
non-equilibrium Green’s function calculation; (b) Difference in charge density of raw graphene; (c) Difference in charge den-
sity of ion-irradiated graphene

6.(a) BEZRFRULIFFESERREHETRIGAEHNETEROBHENETEONRTELER. (b) Ria
AERHBEEEE. () BTERAZHNEETEEES

NTEACREAER, {8 B eR BRI SEAR B TR S R A SR . RS B TR A AR ]
MZhERE, W43 B, BN, S5 A BB EREN 2.34eVnm?; B TERE, B5H %
W2 AN S5GREN 4.70 eVinm?, X UERAREAE A SR T C =0 BERER, 50 £)G 2 M 45 & e g n
1 2.36 eV/nm?. AT, R SR R T Z A S5 A REN 0.27 eV/inm?, A 5 38 0 1) 8 R 45 5 BB 11%.
Rk, 54 - SALMeAEL, 55 2 758 MEOA SR 2 8] 14 S TH W B I XS Al/graphene/SiO, FHTH #4511 51
BREEK—28, b4k, BT B THREA EET C=0 BIIKEER(~6.17%), fE-T 558 7 Z WA K] fE
TEBUK B LN BE, Xt Al/graphene/SiO, 5t HIFA-T (R MR SE m orBRA B . R, 895 & e U SR 2 18]
S THI W P P (0 B st A B A% R T g iR 2 SEH

Table 3. Binding energy of aluminum with raw graphene, ion-irradiated graphene and oxygen

=3 BEREAER. BTREROER. SNEaR

eyt B - R SR - TR E !
454 FE(eV/nm?) 2.34 4.70 0.27
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AT G, Al/graphene/SiO; P # G i K AT 3ETE 3 18, 3 FLIE SRS A2 1 BS T4 WA 1 A T LA o 9
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