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ABSTRACT 
 
This work reports a top-down fabrication method to 

pattern and form carbon nanotube(CNT) interconnects with 
Cu encapsulation. The fabrication process includes 3 
conventional semiconductor processes, which are 
photolithography, stencil print, and electroplating. Using 
this method, we fabricated spiral Cu-encapsulated CNT 
inductors for RF ICs. We measured the inductance of 
0.55nH, the quality(Q-) factor of 66 at 8.5GHz from the 
rectangular type, and the inductance of 0.6nH, the Q-factor 
of 55 at 8.4GHz from the circular type. These measurement 
values exceed the inductance and Q-factor of conventional 
Cu line inductors of which a conventional simulator, HFSS, 
is used to verify the performance. 

 
Keywords: mems, carbon nanotube, interconnects, inductor, 
electroplating 
 
 

1 INTRODUCTION 
 
In the recent evolution of CMOS technologies, the 

components in IC have been scaling down, by the Moore’s 
law. Interconnects also matches into step with the scaling 
down of the IC components[1]. The ITRS roadmap predicts 
that in a few years the copper line using in current 
technology for interconnects has a basic limit. The limit in 
interconnect technology is came from both material and 
processing sides. The susceptibility of Cu interconnect is a 
problem due to electromigration at high current densities. 
Also, the electrical effective resistivity of Cu increases with 
a decrease in dimensions due to electron surface scattering 
and grain-boundary scattering[2-3]. On the processing side, 
creating high aspect ratio contacts with straight walls is an 
extremely difficult task[1]. Therefore, innovative material 
and process are being watched with keen interest and 
sustain the growth curve according to ITRS. 

Carbon nanotube is an alternative material which is 
extremely fast[4], robust, and highly performed in future 
nanosystems. The extremely high mobility found in 
CNT[5] is well-known to be one of the key properties for 
high-speed performances. CNTs may also used as high-
frequency interconnects in the long and short term between 
IC devices due to their capacity for large current 
densities[6] and their unchanging conductance over the 

large frequency range[7]. Despite of these possibilities, 
patterning process of CNT has been challenging[8][9]. 

From this perspective, we developed a top-down 
fabrication method to pattern and form easily carbon 
nanotube(CNT) interconnects with Cu encapsulation. Using 
this method, we fabricated spiral Cu-encapsulated CNT 
inductors for RF ICs and measured the performance of Cu-
encapsulated CNT inductors, which is able to have higher 
performance than conventional Cu line inductors. 

 
 

2 DEVICE FABRICATION 
 
We first illustrate the method for fabrication of Cu-

encapsulated CNT interconnects. The schematic fabrication 
procedure is illustrated in Figure 1(a-f). 

 

 
Figure 1. Schematic fabrication step of Cu-encapsulated 

carbon nanotube interconnects. 
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The starting material for device fabrication was a glass 
wafer, Corning Pyrex® 7740, to prevent the substrate loss 
and the degradation of self resonating frequency(SRF) at 
high frequency in interconnects or inductors. First, 
interconnect or inductor lines were patterned by 
photolithography using SU8 as shown in Fig. 1(a). We used 
SU8 mold for two reasons; no attack with organic 
chemicals and rigidity for insulating layer. The thickness of 
SU8 was 20μm by spin coating. Ti(200Å) and Cu(2000Å) 
seed layer were deposited by RF sputter on the patterned 
substrate(Fig. 1(b)). Copper was employed as the 
encapsulation material because of its low resistivity and 
easily electroplated property. 

CNT droplet was made of multi-walled nanotube(CVD 
MWNT 95, Iljin Nanotech Co, Ltd) powder dispersed in 
ethanol. The multi-walled nanotube powder was well 
dispersed together by sonication over 6hr. The average 
length of CVD MWNT 95 was 10~50μm and the average 
diameter was 10~20nm. The fraction and composition of 
CVD MWNT 95 were up to 97wt% so that an additional 
purification process was unnecessary. CNT droplet was 
deposited over whole lines to be fully getting inside(Fig. 
1(c)). Ethanol was evaporated by using the vacuum 
chamber. This process accelerated the evaporation of 
ethanol and removed the trap and void between multi-
walled nanotubes.  

After deposition of the CNT droplet, screen printing 
method is applied on the SU8 mold. A sharp blade was 
used to remove residual CNT bundle and to fill CNT 
bundle tightly inside the line mold.(Fig. 1(d)) This process 
was repeated at least 4 times by changing the direction for 
filling and removing multi-walled nanotube residue on the 
mold. Besides, deionized(DI) water was dropped and 
vaporized to get the high packing density of multi-walled 
nanotube bundle in the lines. Figure 2(a), (b) show scanning 
electron micrograph(SEM) images of highly CNT filled 
trench lines after 4-time repetitions of dropping and rubbing. 
The CNT bundle in the line was closely dense due to the 
stiction force driven by evaporation of ethanol solution and 
DI water. 

CNT was encapsulated by Cu electroplating(Fig. 
1(e))[10]. Before starting the electroplating, the substrate 
was immersed in DI water. DI water filled the air bubble 
between the trap of CNT bundle in the vacuum chamber, 
because the air bubble inhibited plating the gap of CNT 
bundle and made a defect in the inductor line. The current 
was fixed to control the growth rate equally in the trench 
line. The current density was 15mA/cm2 and the growth 
rate was 1μm/min. Figure 2(c) shows SEM images of Cu 
electroplated CNT bundle at the early state. Cu beads 
enclosed the multi-walled nanotube from one point to 
whole surface. After sufficient time, the CNT bundle was 
fully electroplated by Cu, as shown in Fig. 2(d). Cu-
encapsulated carbon nanotube line was peeled off by epoxy 
glue so as to investigate an enclosing aspect of Cu 
electroplating. 

Finally, top Cu metal was patterned by 
photolithography(Fig. 1(e)). AZ 6612K photoresist masked 
the inductor lines as well as Cu etchant, APS 100 diluted by 
DI water, removed remaining Cu on the SU8 mold. 

 
 

 
Figure 2. (a), (b) SEM images of SU8 molds filled with 
CNT bundle. Scale bar, 10μm. (c) the multi-walled carbon 
nanotubes are encapsulated by Cu bead at the early stage of 
electroplating step. Scale bar, 1μm. (d) Cu-encapsulated 
carbon nanotube line is peeled off by epoxy glue for SEM 
images. Scale bar, 50μm. 

 
 

3 MEASURMENTS 
 
Figure 3 shows SEM pictures of fabricated Cu-

encapsulated CNT inductors and their performances. We 
fabricated two conventional types of Cu-encapsulated CNT 
inductors, rectangular shape(Fig. 3(a)) and circular 
shape(Fig. 3(b)). To simplify the measurement of RF 
characteristics, each Cu-encapsulated CNT inductor had a 
single port pad. 

The quality(Q-) factors and the inductance of Cu-
encapsulated carbon nanotube inductors was measured by 
using a HP 8510C vector network analyzer, coplanar 
ground-signal-ground(GSG) probes, a cascade microwave 
probe station, and a CS-5 calibration kit. To remove the 
parasitic effects of measuring systems, one port calibration 
including short, open, load and through(SOLT) was carried 
out using a GGB Industries CS-5 calibration kit. The Q-
factor of rectangular type was 66 at 8.5GHz and the 
inductance was about 0.55nH(Fig. 3(c)). The Q-factor of 
circular type was 55 at 8.4GHz and the inductance was 
about 0.6nH(Fig. 3(d)).  

We designed the length of each inductor line to be same. 
It means that the resistance and self-inductance are fixed to 
compare the Q-factor. The reason for the difference of the 
inductances is that mutual inductance is related on the inner 
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diameter. The inner diameter of the circular shape is 320μm 
larger than the rectangular shape which is 280μm. In this 
respect, the Q-factor of the circular type has to be greater 
than the rectangular type, because Q-factor is 
approximately equal to the value of inductance divided by 
resistance. However, the measurement shows the opposite 
result that the circular type has lower Q-factor, which 
means greater resistance than the rectangular type. We 
think that it is explained for the following reasons; firstly 
the contact pad of circular type was not fully filled, and 
secondly the circular type contained lower proportion of 
CNT bundle in the inductor line. 

 
 

 

 
 
 

 
Figure 3. SEM pictures of Cu-encapsulated carbon 
nanotube inductors with (a) rectangular type and (b) 
circular type. Scale bar, 100μm. Q-factor and inductance 
versus frequency of Cu-encapsulated carbon nanotube 
inductors with (c) rectangular type and (d) circular type. 

 
4 SIMULATION ANALYSIS 

 
To compare the performance with a conventional 

MEMS inductor, we simulated Cu line inductor by 
conventional FEM simulator, HFSS. 

 

 

 
Figure 4. (a) Schematic view and (b) Q-factor and 
inductance versus frequency of T-shape Cu line inductors, 
simulated by HFSS. Inset, the cross-section dimension of 
the Cu line inductors. 
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Figure 4 shows the simulation result of T-shape Cu 
inductor which has the same dimension of Cu-encapsulated 
CNT inductors. The simulation result is early known that 
experimental and simulation results can be equal by 
applying fitting factors[11-12]. The Q-factor was 53 at 
8.8GHz that was 0.8 times lower than CNT inductor.  

As shown in Figure 5, we also consider the portion of 
Cu and the skin effect, if Cu is the main current path. We 
simulated the effect of normalized Cu thickness ignoring 
the current path of CNT bundle in the inductor line. The 
result is that Q-factor was dramatically decreased under 
3000Å Cu thickness(r=0.95). Therefore, we believe that the 
Cu-encapsulated CNT inductors have higher performance 
than conventional Cu line inductors and flow the current 
mainly through the CNT bundle, not through the Cu line. 

 
 

 

 
Figure 5. (a) Schematic view and (b) Q-factor and 
inductance versus normalized thickness of Cu line inductors, 
simulated by HFSS. Inset, the cross-section dimension of 
the Cu line inductors. 

 
 

5 CONCLUSION 
 
In this paper, we have successfully demonstrated a top-

down fabrication of Cu-encapsulated CNT inductors which 
can show the application of CNT’s electrical properties in 
RF MEMS. From combining a prefabricated CNT bundle 
and Cu electroplating, we improve 25% of Q-factor around 
8.5GHz. In consideration of the simulation, we also infer 
that the CNT current path is superior to Cu line at high 

frequency. This work may allow the generation of CNT 
microstructures and will extend the application of CNT in 
other fields for various technological purposes. 
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