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REFIUTL Sy —Jyi, v BRI S (T P R RN 2 i
PE, BRI IR G CuR I AL A 2N, B Cudh
KL 1 B 55 A S B Z AP RO A, BEfECu
FMHE 55 A 580, 5 EEMZAICu T ZAHAEE, SEARE
&R T LA IR MR =

HAG, B ENE 20 Cu-GriE W BRI T T
KERFSE. BN, Mehta AUI7E1000°CTF X Cugh kb
FHEAT PGB KA, G5 SRR W I R) S AL P 25 3K
HCuZs IR E MR, Bk, PR GRS HI T
LRI Cu-Grivy SE B P R AR AT AN ). JeongZE A
KRR T EKAECu-NIS & FAERKB LY KRIER )
ZIRA BRI CuZk b, B Cul i M KA
I E1.6x10° Alem®, Z9HCulfly 7M. (HIRFERS TS
by B B BTG Yy, R, TR = A
SO Z IS, ECudkE b HHA WA SR
et A

SR TR A S AHUT R (plasma enhanced chemical
vapor deposition, PECVD) . 2. F| 4 B IR i) s fig
B, AT DALEARRT AR A TR A5 R 1 4T e i SR A i)
Az, R TR IR . ARG ORI
B AR, (AR R S A B R BR S TR AE SRS
I, BETTE B B AR A A SO R R T DAFERAIG
MR T A S AR, 5 YA RE SR U B T
SR,

R i DR > B 1 B % R Cu-Greifil £ 3 R A 7R
(18 e Ul () R S e 3% T 2Pk R, A SCR HIPEC VDA HL4%
TECuK T AL IURUA 880, 1o, Y EE A AU
(physical vapor deposition, PVD)T. Z; il 4100 nm/Z &
MICulE/E ALK, S5, FIFH AT S B Culliiy
RIEH SRR, e a B AE KA R
A5, WPECVD L ZFECute IS LR TR 8847,
F 3 e 2 ] SO S AR PRI e, A E CusR T AR
20 SR A PR R, RIS, X Cu-GrififT

B 1 (M4 R0 ) Cu-GrE & bRl i AR i E

350 CHUR KARHE, W5 HGR KARFRFT S Cu-Grir) F:H
PERE. HEAb, [ FHANSYSA FRIC/ T T2, X AR
A b HL M (very large scale integration circuit, VLSI)H1 XY
JZCu-Gr B S5 14 () S5 3RO 75 S8 R0 1 A8 43 A
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1.1 CuilEn) s

K1 R Cu-GrZ PRk i B R B5E, R
PVD .2 7E455 Si/Si0, fn Al _E Wk — 2 Ti, 1ER%ES
W2, WG, #ETiZZ L4kSEIk S —2 100 nm/E ) Cu
M. ZJ5, FEMEEYIEIN1.S ecmx1.5 em R/, TE#E
A BIETURZ A0, LB 7K. JoK OB R
a2 AR P I RS min, SRIEMHASRRT. WERE
AR Z2BR T Cu S I A OREIR TS Y W R AL 2% R
(#S1(a), (b)).

1.2 i sSE ey

BEIE VLSRR S A T A S ATE VR AL B, B SR
PECVD (RF, 13.65 MHz) T. 2 /£ Cu g I IRV B0, 4
K2R, AR, DU YA 5 R BERT
] (AR A O B2 IE2(b) R . BARA il &3 AT

(1) JnFABYEL: RS AEARE IR T (100 Pa)2z 2
Jn#E600°C.

(2) THVEHTBE: 8 A AT (20 scom) X RE il P 7 A iR
YE. Horb, BHSIER 100 W, FE58 4100 Pa, T VRN ]
3 min. Gt Ar BHIE VLS, CudimiiyA LY KAk 2iTs
YepAs 80 T 3255, [, Xt RN T R A
R, WORHEET: T Cude i i P42 5 (KIS 1(c), (d)), I
R T CugR N ARL )T (IS T(e), (). IEAh, Zead
Ar SR PR IG A Cude i R B T B8 4 R M (1R
S1(g), (h)), MJaLf B AR T R &

Graphene

Figure 1 (Color online) Schematic diagram of the manufacturing process for Cu-Gr composite materials
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Figure 2 (Color online) Process parameters and discharge characteristics of graphene preparation via PECVD. (a) Schematic diagram of the PECVD
setup; (b) temporal variations of temperature and pressure in the deposition chamber during graphene coating via PECVD; (c)—(e) illustration of
substrate bias discharge and corresponding temporal variations of voltage and current during graphene coating via PECVD
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SN BT ZIREI100 W, A i it Jin -4 H, 5 CH,
HEA RN E FFLEIS R, nE2(c)i7R, FEPECVD &
S8 HR it JIn A D e ST BRI L B, % 2 i
G FRIT Ty Rz 3h,  HH LAY H R 3 B s (]
A R ANE2(d), (e)FiR.

(4) FEIRBYBE: BERZERE, BT E R AN
100 Pa, FF¥FESRTEAT (40 scem) < H A HIE200°C,
i o ek ] R

1.3 FERIFAE

i A 2% 8 735 (optical microscope, OM)
(BX51M, Olympus)KFRAEAE S IIES. I FHEOHS
FeiEY (Renishaw, Invia) R R AEAE G A1 820454, JF
T IEAE 2% PR B A R BO LIS I (B AR B Horh, Wk
BWOCAH A 532 nm,  RAESEBOLYIE N mW. i
HEF- 77 /%% (atomic  force microscope, AFM)
(5600LS, Keysight)RAFFE S AMLRE R, il
Gwyddion X AFMEMG AL # AR 45 3D R T S I LA
KSR = AR AT Horh, RAE X2 pm>2 pm. fiff
A B 4% (scanning electron microscope, SEM)
(Sigma 500, Zeiss)HRFAEAE T AHMRL, Il i Nano
Measurer /X8 HROT HEATEETH40 AT, (508 1B o £ 00
{X(IC2000DM, Powereach) e FAEFEG K3 MfAME. fif
HIE B (XP-300, MMN International) 3 AEAE i
FOJRERE. ol DUR BT FL B AP B2 { (333 A, Model) K3k
TEAE: it 9 L BH 8.

2 g5
2.1 Cu-Grity#IE 55t

2.1.1 Cu-Gréy & E W54

P13 R A [l At JEG Ml i T B i R 7 2 i i e B HL o6
HRIEERE. WEENT, Pr2JEiE DG S G
L (In/I6) S WA B0 () B 285 B, 2D 5 G B L
(Lp/lg) K 2D 216 5 (2 D-FWHM) JH TAG &0 B w1
RPN B BRI SS R VB SR 2 DI M f
JEM25F150 VIS, FEA 2D, FRCuR LA
A SRIGEE R AL SR, Y AT 2 7551100 VAT,
BT 2D, FIALECuRE TR T 4 BRI 254
X TEMA R RE T, R s s 458+
PREE RIS, BRI T B ATERIK SR H TR A E 4
F AR5 HI100 VT RE S R SO RE,
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LA R BLTS VAR 68 iR & B A AR I/ [61H,
2 W H PSP AR i 2 T A7 SR 45 ) B TR £ BB o 8
I HH T S 1 L/ IR 42 12 D-FWHM{E #) 4 26 B H
EECEAR. B B Lo/ 1V, X 2D-FWHM{H 2
2 H 2 B EE R, 2 5 B R AR 75
FI100 VA He T Cu R 1T 9 ffke 38 S JEE 132 433 A 12 6 i
14.5 nm, H5H24E0H1975 VIRE T BEA BRA
I ZEOHEWT R R — 2 T 100 VIR IR, 75 VIR
T REIE S A B AR Cu i Y 2y, [RIRILAAIR Y Ak
H %8 B R P B A K R R ISR P % . DR
A BIGEERIE Y, SRS M A REIE i A L T
SHUEE, TR rERE, R P SR R
IR LA B ARG 2 TR AR T S0 1),
2.1.2 Cu-Gréd & @B

P4 AN TR Ao JES i FE T B i B AFMIENMG: 5 36 1T v
FEASLANY . Bl IR E 25 VIRTFZES0 V, RS
¥ (root mean square, RMS)FLREE M 3.89 nmT
%5.63 nm, RKMATEFVEIEARILS), RHNIEAH L2, 45
A AT P2 A, e m AR BT O
RIBRAIMERY, TFESO VAR T 2 itb— 25 ik 45 2 71k
ATz s, dEmFEAECuRMBE T HELZMA
A Bt 25 0 T H 2275 V, REFHIRMSTE FIEZ
4.66 nm, FIHALIRFEAL, ARNER D, FirESE
FFAELE. kAR A 2 T 2S BE R FL T 1R
HH, $2THCu-Grity S HLMERE, FRUsD P ) R AL X, 2
PR [ FE] L 72, RS TR T 2100 V, B
FIRMSIEZIIE 2511 nm, i H I THE AR, X
FERNTETS VIRIETS, &8 FiRgeEE T, {f2f TCH,
AT B 3 M 3 A DA R R B S P R B A R R
JEBL R S BT, (HJEAE100 VIR T S 4 55
TFIRA AR, X Aef IS 2 1h1 DX Sl R ¥ 512 0, 5
FOE R A EATR E A RAEPERERL,  IM7E L e
BT AR HIERAR. o, BE SR THI20 pm>x20 pmits
N ) 2R TR 3 K G2 mx 2 o Je) 38 XA I 457 35 2
ZES2.
2.1.3 Cu-Gréy & @ 2 fl ks

&5 (a) Fil(b) 23 1A 75F1100 ViR FE T Cue i
7 WA A BRI S R R SEMFIR. FEIX
PR T, Cu T B J0R 35 4 5 7 38/ RSB L,
{HZAE100 VAR R T Cuf M BRI 2 BEE R 13X
Ry e e R 2 B i A R R A R L 3, s CH L
TEPEIE P Al I 7 01 RS, ROk i F A1 T 3=
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Figure 3 (Color online) Raman spectra and key peak data of samples at substrate biases of 25, 50, 75, and 100 V. (a)-(d) Raman spectra and
corresponding peak fitting curves of samples at different biases; (e), () Ip/Ig, Lp/lg, and 2D-FWHM values of Raman spectra at varying biases

WABRIED). ST R R BURL N SE, E S B BRI, X2 N TE600°C T CulHEAL I
(PR, GERFW, 7675 VIRE FBRPESERSEE AR, BREI TIRIEFAECUEImY 3, MELIE AR
FIIE{E 50.46 nm, MM 75100 VI T BB 2249.63 nm, 7 Bk, RS &R RS E T AL F25~100 nm
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Figure 4 (Color online) AFM images and surface height variation details of samples at substrate bias voltages of 25, 50, 75, and 100 V. (a) RMS
values of samples at different bias voltages; (b)—(e) 3D morphological AFM images of samples at different bias voltages; (f)—(i) local height variation

details of samples at different bias voltages
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Figure 5 (Color online) SEM images and size distributions of carbon particles on Cu surface at substrate bias voltages of 75 and 100 V. (a), (b) SEM

images of carbon particles on Cu surface at bias voltages of 75 and 100 V, respectively; (c), (d) size distributions of carbon particles on Cu surface at
bias voltages of 75 and 100 V, respectively
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FHIRA, (0) PR KR Culs Cu-GriflXd 4% 3 Pl K, 3 381 5

Figure 6 (Color online) Impact of 350°C thermal annealing on the electrical conductivity of Cu and Cu-Gr. (a) Change in electrical conductivity of
Cu-Gr before and after thermal annealing; (b) enhancement ratio of electrical conductivity of Cu-Gr relative to Cu before and after thermal annealing;
(c) enhancement ratio of electrical conductivity of Cu and Cu-Gr after thermal annealing compared to their respective states before thermal annealing
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Grity L SR 2 I E, IF7E75 VIRIE T T 2 m
B6.17x107 S/m, & FRLMBECulyi F R
(5.41x107 S/m). H—E40H1 LB, TETSRI100 VIRE T
Cu-Grif B 3R IR T12.64%F111.95%. X T2
T i T FECugR TULELH T G 880 254, hifE
75 VIR R T R0 A S5 A UZ B, HA B
A BFe B % TR v P R L B, DR LA T A1 &
HPERE. 2 PR KALBRSS, Cu-Grid s SR i
FHGE KATHIRES. JCHAES0 VIRIERE, Hb S FRT 2
R 96.62x107 S/m, AHHE T #GR K 5 Cufiy B 5K
(5.78x107 S/m), HH FHRIET} T12.75%.

R T 25 GRS R XS Cu-Gri FLPE BRI
S, THAT PR KA 3T S CuMICu-Grig T3 (1) 1y i
R, NE6()IIR. Zeid #al K AHLE, Cult il TR 487
T6.65%. iX—ek F 2R TR SO R b CusRTH Aok
RSFROSEN, BRART A RO VE A (ES3 ), (b)), X
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AR () R M RE G . b, 7R R 25150 VS,
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Figure 7 (Color online) Simulation analysis of thermal stress and deformation in the Cu-Gr interconnect structure. (a) Three-dimensional finite
element model of the Cu-Gr interconnect; (b) mesh generation of the model; (c) temperature load applied on the Cu surface; (d)—(f) spatial distribution
cloud maps of equivalent thermal stress, equivalent elastic strain, and total deformation near the Cu-Gr interconnect
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Table 1 Material properties

PR BB GPa)  TARAL BBk R E(1079°C)
Si 149.6 0.28 2.6
8i0; 70 0.25 14
TaN 186 0.34 6.5
SiN 160 0.25 3
TEOS 59 0.16 1
Cu 104.2 0.352 17
Gr 1100 0.15 -3.6

AW Cu-Gri I FVLSLE # H, FFE M — 35 Cu
5Grit) S RErE, DABRICA AR, R, 72
R =B e A A AiERT )2 | Py P (S RE U 1 i
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3 5B
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BT Cu-GrE VLSTHE Hr (A 11, R HAE Ak B %
N RS 5. A58 & B, $5HIPECVD RS AT i I e
AT ARSI S A G R T O OB R, e AETS V
i T 7E Cu e T UT AU HLA R B A % 5 . A P
FE . DR RIS, WA RT TR S PERE,
fif3Cu-Grity L 58 T+ %6.17x107 S/m. FE—H%F Cu-Gr
PaR Jabs, 25K, AR KA FES Cu-Grit) S i
RS THTE, UHESO VIRIE TR, HA SRR
6.62x107 S/m, X FE TR FHALF S FEHE K T Cufh
BRGE, JFekE TR EZEH. ANSYSA FRITsr
M2, WrCu-Grlvi I TVLSIH#Z5HH, Cu-GrH %
RRF 3T S P11 4 50 N ) 55 A s o AR 34 5 LI OK
L ISR, B BRI E M. (R, 1
2R 38 LB e A R R A T, (A
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The reduction in the size of interconnects at the rear end presents Cu with obstacles like resistivity, electromigration, and
RC delay. The combination of Cu and graphene, known as Cu-Gr, offers a solution. It lowers the resistivity of Cu wires,
enhances their current density, and provides better resistance to migration. This innovation effectively tackles the existing
issues with pure Cu interconnects. Additionally, the plasma enhanced chemical vaper deposition (PECVD) technique offers
a practical method for producing graphene at lower temperatures, in line with the current manufacturing process for silicon-
based integrated circuits.

The Cu-Gr composites were fabricated as follows. Initially, 100 nm thick Cu was deposited on the Si/SiO, substrate
using physical vapor deposition (PVD) technology. Subsequently, graphene was applied to the Cu surface using a PECVD
process. Before deposition, the sample was heated to 600°C in a low-pressure environment. This was succeeded by radio
frequency cleaning, where Ar was utilized to enhance the flatness and wettability of the Cu surface. Afterward, hydrogen
and methane were introduced as process gases to deposit graphene under different substrate bias pressures. Upon
completion of the growth, the samples were cooled down to 200°C in Ar and returned to the injection chamber.

This paper mainly studied the impact of substrate bias on graphene deposited on Cu via the PECVD process. It also
investigated the electrical conductivity of Cu-Gr before and after heat treatment at 350°C, as well as its thermal stress in
very large scale integration circuit (VLSI) interconnections using ANSY'S. The principal discussions and conclusions are
presented below.

(1) Raman spectroscopy analysis confirmed the successful synthesis of graphene structures on Cu substrates under both
75 and 100 V substrate biases. Notably, when biased at 75 V, the graphene structures exhibited a reduced number of layers
and a lower defect density, indicative of improved quality. Atomic force microscope (AFM) study further showed that the
surface roughness of the samples prepared at 75 V bias was low and the morphology was relatively smooth. Additionally,
scanning electron microscope (SEM) examinations revealed that the average sizes of carbon particles on the sample
surfaces prepared at 75 and 100 V biases were comparable, with measurements of 50.46 and 49.63 nm, respectively. This
phenomenon can be rationalized by the diminished activity of the Cu substrate at lower temperatures, which constrains the
diffusion kinetics of carbon atoms, thus leading to comparable particle sizes under both bias conditions.

(2) The Cu-Gr was thermally annealed at 350°C. The results showed that the conductivity of Cu-Gr was the highest when
the substrate was biased at 75 V, which was 6.17x10” S/m. Compared with the conductivity of Cu before annealing, the
conductivity of Cu was increased by 12.64%. After heat treatment, the conductivity of Cu-Gr was further improved due to
the increase of the grain size on the surface of Cu and the improvement of carbon film structures on the surface of Cu, and
reached the maximum value of 6.62x10” S/m when the substrate bias was 50 V. Compared with the electrical conductivity
of Cu after annealing, the electrical conductivity of Cu was increased by 12.75%.

(3) The Cu-Gr composites in VLSI interconnects generated the maximum thermal stress near the through-hole, with a
value of 35.8 MPa. The maximum elastic strain occurred at the interface of the upper layer of Cu in contact with graphene
with a value of 1.1x107* Therefore, further improvement of the interfacial contact between Cu and graphene and
optimization of the structural design of complex wiring locations are required to improve the thermal stability of the
interconnect structure.

new interconnect materials, graphene, plasma enhanced chemical vapor deposition, substrate bias, electrical
conductivity, thermal stress
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