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ABSTRACT 

 Carbon nanotubes (CNTs) have emerged as a promising next-generation 

interconnect material due to their outstanding electrical properties, thermal conductivity, 

and mechanical strength surpassing traditional metals. This paper proposes the concept 

of replacing traditional metal interconnect in packaging structures with horizontally 

aligned carbon nanotubes (HA-CNTs). Innovative processes are employed to prepare 

high-quality HA-CNTs, demonstrating the implementation of carbon-based interconnect 

concepts. Using patterned iron films and alumina as catalytic layers, vertically aligned 

carbon nanotubes (VA-CNTs) are grown through chemical vapor deposition. Liquid-

assisted planarization methods and various improvement processes are utilized to flatten 

the VA-CNTs into HA-CNTs. Oxygen plasma etching is employed to pattern the HA-

CNT interconnect, and metal electrodes are deposited at both ends to complete the 

carbon-based interconnect test structure. Throughout the stages of fabrication, scanning 

electron microscopy, Raman spectroscopy analysis, and thermal conductivity 

measurements are conducted to assess the growth quality and thermal performance of the 

CNTs. Finally, electrical measurements using a two-point probe system are performed on 

the HA-CNTs interconnect structure to validate the feasibility of using nanotubes as a 

replacement for traditional metal interconnects in packaging structures. 

 

Keywords: Carbon Nanotubes, Interconnect, Advanced Packaging, Redistribution Layer, 

Silicon Interposer, Chemical Vapor Deposition, Carbon-based Materials, Nanomaterials 
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(Three-dimensional packaging, 3D packaging) (Through 
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[3]
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(Silicon interposer layer)
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(Coefficient of Thermal Expansion, CTE)

[5]

InFO(Integrated Fan-Out) CoWoS(Chip on Wafer on Substrate)
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(Carbon Nanotubes, CNTs)  

1991 (Sumio Iijima)

(Graphene)  

(SW-CNT) (MW-CNT)

(Young’s modulus)

(helicity)

(Current Ampacity) 5×108A/cm2[6]
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(Through Silicon Via, TSV)

2-1 2.5D IC (Redistribution Layer, 

RDL)
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2-3
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CVD)[22] (Laser Ablation)[23] (Arc Discharge)[24]
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Deposition, TCVD) (Plasma-Enhanced Chemical Vapor 

Deposition, PECVD) (Microwave Plasma Chemical 
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2-5 (

) ( )
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2.4  

 

2008 Hayamizu

(Isopropanol, IPA)

(Van Der Waals Interaction)

[43]

2-16

4 μm 200 nm  

 

2-16 [43] 

 

(Direct Growth)

(CNT Bundle)
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8 mΩ-cm

2-17

-
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2-17 [43] 

 2008 Wang

2-18

5 mΩ-cm 331 Wm-1K-1  
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 (Liquid-assisted Flattening)

(Mechanical Flattening)
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2-19
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2-19 [45] 

 2014 Li

Li
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2-20 [46] 
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 2017 Silvestri

2-21 (Al2O3) 209% (a-SiC)

2276% [47] 0.61 S-cm-1

1.9 S-cm-1 14.6 S-cm-1

2-21

 

 
2-21 [47] 
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( )  

( )  

( )  
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(SEM) I-V

 

 

3- 1  

/    

  ( CCD) 
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  APOL-LO3207 

  SurPass 3000 

  TMAH 2.38% 
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/    

  Electron Beam Source System 
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  Fe pieces 99.99% 
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3- 5  
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 Keithley Keithley 2400 
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3- 9  
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 Hitachi T12 120keV 

 

3- 10  
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 HORIBA LABRAM HR 800 UV 532 nm 
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7 nm 13.5 nm

(Extreme Ultraviolet Lithography, EUV)  
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3-1  
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(Contact Aligner) (Proximity 
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Vapor Deposition, PVD)
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(Fe) (Al2O3) 0.5 

~ 2 nm 0.05 Å/s
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3-5

(Ar) (H2) (C2H2)

 

 

3- 5  



doi:10.6342/NTU202401584

26 

 

3.4  

(Reactive-Ion Etching, RIE)
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(Plasma-Enhanced Chemical Vapor Deposition, PECVD)

(SiO2) (a-Si) (Si3N4)

(Step coverage) 3-8  

 
3- 8  

 (Radio Frequency, RF)

3-9
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(Scanning Electron Microscopy, SEM)

(Condenser Lens) (Objective Lens)

(Secondary Electron)

3-10

 

 

3- 10 [53] 
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3.7 I-V  
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3.8  

(3-omega Method)

(Pt) (Wheatstone Bridge)
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3.9  

(Raman spectroscopy)

(Raman scattering)

D

G ID/IG  

 
3- 15 [55] 
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4.1  

 

 4-1

(Step (A)~Step (C))

(Step (D)~Step (E))

(Step (f)~Step (g))

(Step (h)~Step (i))  

 

4- 1  
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4.2  

 

 

4.2.1  

4 (Silicon)

4-1  

4-1  

 

(Dicing Saw) 4 12 2 cm x 2 cm

 

 (Acetone)

(Isopropyl Alcohol) (DI water)

4-2  

 

4- 2  

15 min 15 min 10 min

   (inch) (μm) (Ω-cm)  

(Si) <100> P-type 4 280 ± 25 1~10  
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4-3

 

(Acetone, ACE)

15

1  

(Isopropyl Alcohol, IPA)

15

1  

(DI water)

20

 

 

4- 3  
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(Spin Coater) (Hot Plate) (Aligner)

5 (Spin Coating) (Softbake)

(Exposure) (Post-exposure Bake) (Development)

4-4

4- 4 ( )

(Development)

(Post-exposure Bake)

(Exposure)

(Softbake)

(Spin Coating)
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(Spin Coating) 

(Lift-off)

Lift-off

12 nm

KL5315

Lift-off

1.2 ~ 2.5 μm  

 KL5315 3 ~ 8 25

30

O

4000 rpm 10

SurPass 3000 3000 rpm / 30

SurPass 3000 (Adhesion Promoter)

1000 rpm / 10 4000 rpm / 30

4000 rpm 1.2 μm

4-5  

 
4- 5  
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(Softbake) 

4-6 105

60

 

 

4- 6  

(Exposure) 

365 nm

(Cross-link)
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150 μm

(Soft Contact)

26 mJ / cm2 KL5315 40 mJ / cm2

1.6 4-7

 

 
4- 7  

 5 4-8

 

 
4- 8  
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(Post-exposure Bake) 

(Photoreaction)

(Cross-linking) KL5315

(Chemically Amplified Positive Resist)

115 60

4-9  

 
4- 9  

(Development) 

25  

 

(Tetramethylammonium hydroxide, TMAH)

75 ml
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30

5

10

4-10

4- 10

4- 2 KL5315

• KL5315
• 1000 rpm / 10 s, 4000 rpm / 30 s

(Spin Coating)

• 105℃
• 60 s

(Softbake)

• / Soft Contact / 150μm
• 1.6 s

(Exposure)

• 115℃
• 60 s

(PEB)

• TMAH
• 30 s

(Development)
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4.2.3  

(Mask)

4-11

(Buffer Layer) (Catalytic Layer)

10 nm (Al2O3)

0.5 ~ 2 nm (Fe)

12 

nm

 

  

4- 11  

 

CP STANDBY 100 K
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PI 4 2 cm x 2 cm

Tooling 95% (Quartz Crystal 

Microbalance, QCM)

6 x 10-7 torr

4-12  

 

4- 12  

 

8 rpm Emission Current

0.10 ~ 0.15 Å/s 10
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0.08 ~ 0.15 Å/s

Emission Current 10 nm

10

0.04 ~ 0.05 Å/s 0.02 ~ 0.05 Å/s

4-3  

4- 3  

Physical Vapor Deposition- Electron Beam Evaporation 

Material Aluminum Oxide (Al2O3) Iron (Fe) 

Thickness(nm) 10 0.5~2 

Density(g/cc) 3.97 7.86 

Z-Ratio 0.336 0.349 

Emission Current 17~27 7~12 

Deposition Rate(Å/s) 0.08~0.15 0.02~0.05 

Holder Speed(rpm) 8 8 

 

10

2 x 10-4 torr

4-13  

 

4- 13  
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(Lift-off)

(Acetone)
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2

5

 

 

10 nm

(Scanning Electron 

Microscopy, SEM) 4-15  

  

4- 15  

 

4-16  

 
4- 16   
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4.3 
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(Substrate-

supported Catalyst CVD, SCCVD)

(Floating Catalyst CVD, FCCVD)
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4- 4
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5

24

180 50  

 

4-17
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4-18

O

(Atmospheric Pressure CVD, APCVD)

 

 

4- 18  

 

1000 sccm

(Ar) 500 sccm (H2) 25 sccm (C2H2)

4-19
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4- 20  

(Pre-treatment) 

1000 sccm

750 sccm 500 sccm

5

 

(Temperature Ramping) 

20 25℃ 750℃ 36℃ / min

750 sccm 500 sccm  
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750℃

5℃ 3

750℃ 750 sccm 500 sccm

13

 

(CNT Growth) 

13 750 sccm 500 sccm

25 sccm

20  

(Cooling) 

750 sccm

500℃

600 sccm 200℃

80℃
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O

20 700℃ 20

4-5

4- 5

• 25℃ ( )
• 5 min
• Ar 750 sccm, H2 500 sccm

• 25℃→ 750℃
• 20 min
• Ar 750 sccm, H2 500 sccm

• 750℃ ( )
• 13 min
• Ar 750 sccm, H2 500 sccm

• 750℃ ( )
• 1~20 min
• Ar 750 sccm, H2 500 sccm, C2H2 25 sccm

• 750℃→ 25℃
• ~120 min
• Ar 750 sccm

• 25℃→ 700℃
• 20 min , 20 min 
• None (Air)
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4.3.2  

 

(VA-CNT Bundles)

(HA-CNT Bundles) 4-21

(Liquid-assisted Planarization) (Mechanical 

Planarization) ((Liquid-assisted Mechanical Planarization)

(Improved Liquid-assisted Planarization)

 

 

4- 21  

(Liquid-assisted Planarization) 

(Isopropyl Alcohol, IPA)

4-22  

 
4- 22  
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2

(Acetone, ACE) 4-23  

 

4- 23  

(Mechanical Planarization) 

4-24 0.8 mm

 

 

4- 24  
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(Liquid-assisted Mechanical Planarization) 

4-25  

 

4- 25  

(Improved Liquid-assisted Planarization) 

30

4-26  

 
4- 26  
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4.4 

4.4.1 ( )

K-PRO 7

4-6

4- 6 ( )

(Development)

(Exposure)

(Softbake)

(Spin Coating)
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(O2 

Plasma)

K-PRO 7

4-27  

 

4- 27  

 

K-PRO 7

KL5315 4.2.2 (

) 4000 rpm / 20

K-PRO 7 1000 rpm / 10

4000 rpm / 30 4 μm K-

PRO 7 115 3

150 μm 3.3
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TMAH 120

60 4-28

10

15

4- 28

4- 7 K-PRO 7

• K-PRO 7
• 1000 rpm / 10 s, 4000 rpm / 30 s

(Spin Coating)

• 115℃
• 180 s

(Softbake)

• / Soft Contact / 150μm
• 3.3 s

(Exposure)

• TMAH
• 120 s

(Development)
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4.4.2  

 

 

525 μm 8

(Dummy Wafer) 4-29

75 mTorr

 

 

4- 29   

 

10 sccm

(O2) RF Power 80 W

10 μm
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0.7~1.2 μm 5

4-30  

 
4- 30  

 

80 mTorr 50 sccm 80 W RF Power

10

4-31  

 
4- 31  
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4.5

4.5.1 ( )

1.0 μm APOL-LO 3207

KL5315 4-8

4- 8 ( )

(Development)

(PEB)

(Exposure)

(Softbake)

(Spin Coating)
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(0.8~1.0 μm)

APOL-LO 3207

(Lift-off)

10 μm

4-32

50~200 μm

20 μm 25 μm  

 

4- 32  

 

APOL-LO 3207 KL5315

4.2.2 ( )

4000 rpm / 20

APOL-LO 3207 1000 rpm / 10 4000 rpm 

/ 30 5 μm
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110 90

150 μm

4-33

8 200 mJ / cm2

110

90 TMAH

40 60 4-9

4- 33

4- 9 APOL-LO 3207

• APOL-LO 3207
• 1000 rpm / 10 s, 4000 rpm / 30 s

(Spin Coating)

• 110℃
• 90 s

(Softbake)

• / Soft Contact / 150μm
• 8.0 s

(Exposure)

• 110℃
• 90 s

(PEB)

• TMAH
• 40 s

(Development)
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4.5.2  

4-34

(Adhesive Layer)

800 nm (Cu)

500 nm

50 nm (Ti)

 

 
4- 34  
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PI

Tooling

90%

5 x 10-3 Pa

4-35  

  

4- 35  

 

5 x 10-3 Pa 10 rpm

Z-Ratio

EMISSION 10%

X-AXIS POSITION

0.5~1.5 Å/s

50 nm EMISSION
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800 nm 50 nm 0.5 Å/s

2.5~4.5 Å/s

EMISSION 15~30

4-10  

4- 10  

Physical Vapor Deposition- Electron Beam Evaporation 

Material Titanium (Ti) Copper (Cu) 

Thickness(nm) 50 800 

Density(g/cc) 4.5 8.92 

Z-Ratio 0.628 0.437 

Emission(%) 9~10 6~8 

Deposition Rate(Å/s) 0.5~1.5 0.5 

Holder Speed(rpm) 10 10 

 

Tooling 90%

5 Pa 4-36  

  
4- 36  
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4.5.3  

5

5

1

4-37  

  

4- 37  

 

4-38  

  
4- 38  
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5.1  

5-1

 

 

 
5- 1 (a) (b)  



doi:10.6342/NTU202401584

68 

 

5.1.1  

 

(nanocluster) 500 750

(H2)

5-2

 

 

5- 2  

5-3 10 

sccm (C2H2)
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5- 3  

15 sccm

25 sccm

 

 
5- 4  
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(Amorphous carbon)

5-5 100 sccm

 

 

5- 5  

5- 1  

 



doi:10.6342/NTU202401584

71 

 

5.1.2  

5-6

(Sintering)

500℃

750℃  

 
5- 6  

2

5-7  

 

5- 7 2 min  
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10

5-8 (Crowding 

Effect) [56]

 

 

5- 8 10 min  

5-9

20

10 20  

 

5- 9 20 min  
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5.1.3  

 

5-10 5-2 0.8 nm

10 280 μm

1 nm

357 μm 1 nm  

 
5- 10  

 
5-2  
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 5-11 1.2 nm

560 μm

2 nm

5-3

1 nm 1.2 nm

10 nm (Al2O3)  

 

 5- 11 (a) (b)  

5.1.4  

 

1 nm 10 nm

1.2 nm

1 nm 20

20 13 500℃

13 7

1 3

750 sccm (Ar)

500 sccm (H2)
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25 sccm (C2H2)

5-3

 

5-3  

 

5-12

700 μm

 

 

5- 12  
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5.2  

(3-

omega Method)

(k) 5-13

(Pt) 1 cm x 1 cm 10 μm

100 nm (SiO2)  

 

5- 13  

 

5-4  

5-4  
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(Crowding Effect)

5-14 5

558 μm 17 790 μm

5 1.9 μm/sec 15 0.8 μm/sec  

 

5- 14  

 

(PECVD)

100 nm
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(TCR)

5-15

5-1

5-5  

 

5- 15  

  (5-1) 

5-5  
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5-16

5-6 558 μm

121.4 W/mK 790 μm

210.2 W/mK 232 μm 1.7

 

 

5- 16  

 

5-6  
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5.3  

 

50 μm

50 100 150 200 μm 10 μm

5-17  

 
5- 17  

 

20 μm

0.1 V

-1 V 1 V -

(I-V Curve)
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Rtotal Rtotal

RCNT Rcontact Rmetal

Rprobe/metal Rprobe Rprobe

Rprobe/metal Rmetal Rmeasurable

Rcontact -

Rcontact

ρCNT 5-18 5-19  

 
5- 18  

 

 

5- 19  
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50 100 150 200 μm Rmeasurable

RCNT Rcontact Rm 5-7 -

50 μm 222 Ω 200 μm 1074 Ω

Rm 50 μm 270 Ω  

 

5-7  

-

Rcontact Rcontact 26.67 Ω

240.6 Ω Rm Rcontact

ρCNT 15.1 mΩ-cm 46.1 mΩ-cm

5-20
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5- 20  

5-21

15.7 mΩ-cm

45.9 mΩ-cm

5-22 50 100 150 μm RCNT

16.1 mΩ-cm  

 
5- 21  

 

 
5- 22  
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5.4  

5-23

 

 
5- 23  

 

5-24

 

 
5- 24  
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( )

5-25

 

 
5- 25  

 

5-26  

 
5- 26  
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5-27

 

 
5- 27  

ID/IG

[57] 5-28

5-28  

   

5- 28 (a) (b)  
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5.5  

5-29

15.1 mΩ-cm 700 μm

5-8  

 
5- 29  

 

5-8  

Reference 
ρCNT 

(mΩ-cm) 
Max. Length

(μm) 
Methods of 
Fabrication 

[37] S. H. Kang et al., Nature 
Nanotechnology, 2007. 

33 200 Direct growth 

[46] H. Li et al., IEEE, 2013. 4.1 200 Liquid-assisted 

[47] C. Silvestri et al., IEEE, 2017. 1010 800 Direct growth 

[58] F. Yan et al., physica status 
solidi, 2010. 

100 - Liquid-assisted 

[59] J. Lu and J. Miao., International 
Journal of Nanotechnology, 2014. 

68.5 50 Direct growth 

This work 15.1 700 Liquid-assisted 
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6.1  

 

200 μm

50~150 μm

 

25 sccm

500℃ 15

1 nm

10 nm
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790 μm 210.2 

W/mK

 

16.1 mΩ-cm

15.1 mΩ-cm

 

 

15.1 mΩ-cm

 



doi:10.6342/NTU202401584

90 

 

6.2  

 

 

1. 

Hata

[59]

(Super growth)

 

2. (TSV)

(Silicon interposer) 6-1 Silvestri

 

 

6- 1  



doi:10.6342/NTU202401584

91 

 

3. 6-2 (AR)

(FCCVD) (Ferrocene)

(Hybrid Bonding)

6-3

 

 
6- 2  

 

 

6- 3  
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