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Abstract—Carbon nanomaterials, graphene and carbon
nanotubes (CNTs) have emerged as the promising materials for
the integration of future advance packaging technologies. The
main benefits of carbon nanomaterials include excellent electrical,
thermal and mechanical properties. In this work, transfer process
of a top graphene layer onto the as-grown carbon nanotube (CNT)
bundles was successfully performed with direct graphene-to-CNT
contact at the interface. Four-point-probe (4PP) I-V
characterization suggests that an ohmic contact was achieved
between the graphene and CNTs. Low CNT bump resistance of
2.1Q for 90,000 pm> CNT area including the CNT/graphene
contact resistance was obtained, demonstrating reduction of
contact resistance between CNT and Au under the same
fabrication and measurement conditions. This work presents the
preliminary results for the assembly process of top-transferred
graphene on CNTs and the electrical properties of direct
CNT/graphene contact, paving the way for the implementation of
full carbon-based three-dimensional (3D) interconnects.

Index Terms—Carbon  nanotube
Three-dimensional (3D) interconnects

(CNT), Graphene,

. INTRODUCTION

HE continuous miniaturization of integrated circuits (ICs)

as driven by Moore’s Law result in progressive
performance improvement and cost reduction in electronic
products over the past 40 years [1]. In recent years, however,
this progressive trend has been constrained as the device
scaling reaches the fundamental physical limitations. The
escalating cost of Moore’s Law has pivoted the semiconductor
industry’s focus to “More-than-Moore (MtM)” technologies
[2]. Supported by advanced packaging solutions, high-density
heterogeneous integration of analog/mixed-signal, RF, MEMS
and image sensing with CMOS in a variety of 2.5D and 3D
architectures is expected the main driving forces for the
next-generation electronic products [3].
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Vertical stacking of IC layers to form three-dimensional (3D)
integration is one of the recent focuses in the advanced
electronic packaging techniques [4], [5]. Apart from higher
integration density obtained by 3D stacking, it can also achieve
a complete functional unit by system-in-package integration.
To realize this, reliable and efficient electrical interconnects for
signal transmission and power distribution are needed [6].
Among the signal transmission techniques, flip chip bump and
through-silicon via (TSV) technologies have been used for the
vertical interconnections between chip and substrate. Flip chip
bumps are able to achieve higher input/output (1/0) counts due
to short electrical connection paths [7]; whereas TSV
technology enables faster, short-path communication
channeling between the vertically stacked I1Cs and devices [8].

A technical challenge in existing flip chip bumps and TSVs
is the difference in coefficient of thermal expansion (CTE)
between copper bump/TSV-filler and its surrounding materials.
Due to the relatively large CTE mismatch between silicon
(2.3x10°%/°C) and copper (17 x 10°/°C) [9], [10], Cu-based
pillar bumps and TSVs fabricated on Si substrate arises
numerous stability and reliability issues during chip operation,
especially in fluctuated temperature conditions.

Carbon nanomaterials, graphene and carbon nanotubes
(CNTs) have emerged as promising materials for the
integration in the next-generation advanced packaging
technologies [11], [12]. The main benefit of carbon
nanomaterials, e.g. CNTSs, lies in their excellent electrical,
thermal and mechanical properties: (i) low electrical resistivity,
measured in a range of 0.8~33.8 mQ scm for single CNT and
CNT bundles [13]-[15]; (ii) high current density ~10° A/cm? in
single CNT [16]; (iii) high thermal conductivity, reported in a
range of 600-3,000 W/mK for individual multi-walled carbon
nanotubes (MWCNTS) [17]-[20]; and (iv) closer CTE to Si
(2.3 x 10°/°C) as compared to Cu (17 x 10°/°C), e.g. ~2 x
10°%/°C for single-walled carbon nanotubes (SWCNTSs) [21]. At
the same time, the porous structure of CNT bundles eases the
thermal mismatch stress introduced in the surrounding Si
substrate [9]. These advantages enable carbon nanomaterials to
be highly attractive candidates as both on-chip and off-chip
interconnects in 3D integration. Currently, substantial works
have been done for the fabrication and characterization of CNT
TSVs on conductive metal lines [22], [23]. Meanwhile, CNT
bumps have been demonstrated as the potential flip chip bumps
by several groups [24]-[26]. Apart from CNTSs, graphene has
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also been proposed as a potential candidate to replace copper as
the next-generation planar interconnects due to its patterning
feasibility and high current mobility [27]-[30].

Besides the thermal mismatch issue, full carbon-based
interconnects are expected to have better out-of-plane and
in-plane electrical properties as compared to their copper
counterparts [31]. It has been demonstrated that the full
integration of intercalation-doped multi-layer graphene (MLG)
wires and CNTSs offers better electrical performance reliability
as compared to the Cu interconnects at 5nm node [32]. Another
successful fabrication of graphene-CNT heterostructure for the
off-chip interconnects has been made through a direct growth
of CNTs within the vias, on top of the graphene [33]. To form a
complete bottom-up full-carbon 3D interconnection, assembly
process of the top graphene layer after the CNT growth needs
be explored. Meanwhile, electrical properties of the contact
formed between CNTs and top graphene layer after the
assembly process requires further investigations.

In this work, we have successfully performed an assembly
process by transferring a top layer of graphene onto the
as-grown CNTs with direct graphene-to-CNT contact at the
interface. The electrical properties of CNT/graphene contact
was characterized by four-point-probe (4PP) I-V measurements
of an  Au-CNT-graphene-CNT-Au  structure.  The
CNT/graphene contact resistance was benchmarked against the
value of CNT/Au under the same fabrication and measurement
conditions.

Il. EXPERIMENTAL METHODS

Major fabrication and assembly steps of the
Au-CNT-graphene-CNT-Au structure are summarized in Fig.
1. The fabrication uses Si substrate with 280 nm SiO, layer
deposited using thermal oxidation technique (Fig. 1, step 1).
First, bottom Au pads (20nm Ti/100nm Au) and buffer/catalyst
layer (8nm Al/2nm Al,O3/1.1nm Fe) were sequentially
patterned on a silicon wafer using e-beam evaporation
deposition and lift-off process (Fig. 1, step 2). Then,
free-standing CNTs were grown using thermal chemical vapour
deposition (TCVD) method with hydrogen (H,) and acetylene
(C,H,) gas flow ratio of 3:1 at 650°C (Fig. 1, step 3). After CNT
growth, two pieces of 80um thickness polyethylene
terephthalate (PET) with double-side non-conducting
adhesives were assembled on the sides of CNT bundles as the
spacers to support the free-standing CNTs when the top
graphene layer was transferred (Fig. 1, step 4). Finally,
few-layer graphene on PET (or SiO,/Si) substrate was flipped
over and pressed down onto the CNT bundles (Fig. 1, step 5 and
6). Graphene with the substrate was attached by the mechanical
force of the top adhesive of PET spacers, creating direct contact
between the graphene and CNTSs.

The high contact resistance between CNTs and metal is
always a key issue in CNT interconnects limiting their
feasibility in the application [6], [22]-[24], [33]-[37] However,
significant discrepancies are present in the state-of-the-art
values of CNT/metal contact resistance, due to the absence of
standardized techniques for CNT resistance. In our work, Au
film (on SiO,/Si substrate) is used as the control sample under
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identical CNT growth conditions and assembly processes.
Four-point-probe (4PP) 1-V measurements were used to
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Fig. 1. Fabrication and assembly steps of the Au-CNT-graphene-CNT-Au
structure.

characterize the electrical properties of the graphene and Au
bridge structure. The total resistance of the graphene and Au
bridge structure can be expressed as:

Riotat = Rptm_au + 2Rau—cnr-¢ + Re 1)
and
Riotat = Rptm_au T 2Rau—cnt—au T+ Reop_au 2),

correspondingly, where Ry, 4y 1S the resistance of bottom Au
pads; Ryy—cnr—¢ and Ry _cnt—ay are the resistance of one
CNT bump including the contact resistance of CNT/bottom Au,
the resistance of bulk CNT and the contact resistance of
CNT/graphene or CNT/top Au; R; and  Riop 4, are the
resistance of top graphene layer and Au film, respectively. Eq.
(1) and (2) is established based on the assumption where Au,
CNTs, and graphene exhibit similar behavior has Ohmic
resistors, connecting in series during electrical conduction.

To extract the Ryy,_cnr—¢ and Ry —cnr—au N (1) and (2), the
values of Rpim a4y, R and Ry, 4y Need to be determined.
Rptm_au Can be measured from the control groups with the
same dimension of bottom Au pads. R; and Ry, 4, Can be

estimated using the equation of R = LRS (3), where L is the
Weyrs

distance between two CNT bundles; W, is the effective width
of top graphene layer or Au film; R is the sheet resistance of
the graphene layer or Au film. Nevertheless, to utilize Eq. (1)
and (2), CNT resistance needs to be subtracted. Using the
reported CNT resistivity of 9.7 to 33.8 mQecm [6], [15], CNT
resistance can be determined using Ohm’s law. However, the
calculation is carried out based on the assumptions where the
current density distribution and the crystallinity across the
whole CNT bundles is similar. In actual CNT growth,
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discrepancies in crystallinity and current density across various
regions of CNT bundles can be anticipated. Nevertheless, in
this work, the overall electrical properties of CNT bundles is

taken into consideration to explore the feasibility of
CNT-graphene  heterostructure in TSV  interconnect
applications.

I11.  RESULTS AND DISCUSSION

Graphene substrates used in this work were intrinsic CVD
graphene transferred on the top of PET (or 350nm SiO,/Si
wafer) with a dimension of 10mm x 10mm. The structural
characteristics of graphene were confirmed by optical
microscopy and Raman characterization as 1-3 layers

poly-crystal graphene (Fig. 2). On the other hand, 20nm
(b) i
‘ M PET i

(a)
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Fig. 2. (a) Optical and (b) Raman images of the graphene on SiO,/Si and PET.

Ti/100nm Au was deposited by e-beam evaporation on 280nm
SiO,/Si wafer to be used as the control samples compared to the
graphene samples. The sheet resistances of graphene layer and
Au film were 218-237 and 0.31-0.32 Q/sq, respectively,
measured by 4PP sheet resistance measurement system. High
sheet resistance of graphene may be attributed to the grain
boundaries of poly crystal formed during the CVD growth,

Probcn Probnrs

pmb'" Graphene or Au Graphene or Au Probers
‘ I I [ PET !!
Au

Au Au

Fig. 3. Schematic diagrams and SEM images of two configurations of CNT
area with the same size (left: configuration A, right: configuration B).

whereas the observed defects could be induced during the
transferring process of micro-scale area onto the substrate.
Based on (3), R will be ~730 times larger than Ry, 4, With

3

the same dimension (L/W,), leading to a significant increase
of the total resistance of the graphene bridge structure. To
reduce the effect of R, another configuration of CNT area (Fig.
3, configuration A) with much smaller distance (L) between
two CNT bundles was designed to benchmark against the
regular square-shaped CNT area (Fig. 3, configuration B). The

Au
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PET/few-layer |
graphene

Jaseds 3¢

ssosuxv WD12mmP.C.50 HV  x3,500
0000 Aug 01,2018 Sample

F|g 4. (a) and (b) SEM images after CNT growth; (c) and (d) optlcal images
after top graphene layer transferred; (e) and (f) SEM cross-section view of two
CNT walls of the dummy sample cut in half.

size of CNT area in configuration A and B was maintained at
the same value.

Optical microscopy and scanning electron microscopy (SEM)
images of the fabricated Au-CNT-graphene-CNT-Au structure
of configuration A are presented in Fig. 4. As shown in Fig. 4 (a)
and (b), two CNT walls grown on top of the bottom Au pads
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Intensity (au)
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S ——
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Fig. 5. (a) Raman and (b) transmission electron microscopy (TEM) images of
the as-grown CNTs.

were uniform and well-aligned. Fig. 4 (¢) and (d) show the
direct contact of poly-crystal graphene with observable grain
boundaries to the CNTs. Meanwhile, SEM image of the
cross-section view of the two CNT walls is shown in Fig. 4 (e)
and (f). The vertical length of CNTs was fine-tuned to be
slightly higher than the thickness of the PET spacers (80 um).
Here, the vertical length of CNT walls on the real sample was
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TABLE |
TOTAL AND EXTRACTED ONE CNT BUMP RESISTANCE OF THE GRAPHENE AND AU BRIDGE STRUCTURE WITH TWO CONFIGURATIONS OF CNT AREA
CNT area Rayu-cnr-¢
) . w L R R R R or
Configuration total btm_Au top_Au G
g (mm) (mm) a (mm) b (mm) S () () Q) () Rpu—cNT-au
(mm?) Q)
bAr i‘g’g: (%ré?r')‘e”e 36 0.08 0.03 2.95 0.09 10.0 0.7 / 5.1 21
A with Au bridge
(si0,/Si) 45 0.08 0.03 2.96 0.09 5.2 0.7 0.01 / 2.2
2
B with graphene
bridge (Si0./Si) 4.2 0.77 0.28 0.28 0.08 128.1 7.0 / 110.7 5.2
2
B with Au brid
siossy 34 | o061 | 030 | 030 | o009 18.2 70 012 / 5.5
2
estimated to be around 110 pm (details of the estimation can be 4PP  I-V  measurement is performed on the

found in Appendix A). The Ig/lp peak ratio and average
diameter of the CNTs was ~1.5 and ~3nm respectively as
shown in Fig. 5. CNT density was estimated as ~10** cm™
(details of the density estimation are shown in Appendix B),

0.08 ———r—— ' ' '
' = No bridge (open circuit)
0.06 , Graphene (30pmx3mm)
004'_ 4 Au (30pmx3mm)
[ * Graphene (300pumx300um)
. v Au (300pmx300pm)
< 0.02
5 0.00
=
3
© .0.02
-0.04
-0.06
0.08 : : ' :

-0.2 0.0 0.2 0.4 0.6
Voltage(V)
Fig. 6. 4pp I-V measurement results of the total resistance of the graphene and
Au bridge structure with two configurations of CNT area.

which is expectedly to be much higher than PECVD grown
CNTs ~10° cm™ [38].

Au-CNT-graphene-CNT-Au structure with configuration A, as
displayed in Fig. 6 (blue-dotted line). It is shown that the
current increases linearly under the voltage sweep ranging from
-1 to 1V. Short circuit between two CNT walls or bottom Au
pads was excluded by I-V measurement before graphene
transfer. After the transfer of graphene onto the CNTs, the gap
between two CNT walls remained as shown in Fig. 4 (c) and (d),
suggesting the omission of current shortage between two walls
after the graphene transfer. Ruling out all possible shortages, it
can be postulated that ohmic contact was achieved between the
graphene and CNTSs.

I-V curves of the graphene and Au bridge structure with two
different CNT area configurations are shown in Fig. 6. The Au
bridge structure shows a linear response to current upon voltage
application, similar to its graphene bridge counterpart.
However, its total resistance was smaller compared to the value
of the graphene bridge structure with the same configuration of
CNT area, possibly due to the significantly-large valued of R;;
as compared t0 Ry, 4y, as mentioned earlier. Meanwhile, for
the graphene bridge structure, configuration A (30pumx3mm)
with closer distance (L) between two CNT walls has much
smaller total resistance than the value of configuration B
(300pum x 300um) as expected, due to the large R; in the
structure of configuration B.
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The measured values of Ry, 4,, and the estimated values of
Rg and Ry, 4, for various CNT-graphene configurations are
listed in Table 1. Detailed estimation method of R and Ry, 4y

TABLE Il
RESISTANCE OF ONE CNT BUMP (INCLUDING THE CNT/METAL

(CNT/GRAPHENE) CONTACT RESISTANCE) OF THIS WORK AND THE REPORTED
STATE-OF-THE-ART

RAuchTfAu RZTN*CNT*AZ RAquNTfAu RA]_&*CNT*G
[35] [37] [6] (this work)
CNT 280 457 16.1 2.1
bump
resistance
R(Q)
CNT area 1963 2827 7854 90000
2
(um )
CNT 120 300 132 110
height
(pm)

is presented in the Appendix C. Ryy_cnt—¢ and Ray_cnt—au
are extracted from (1) and (2) as shown in Table I. Under the
same configuration, similar  value
With Ry, _cnr—au SUQgesting formation of similar ohmic
contact was formed at the CNT/graphene interface, and at the
CNT/top Au interface. The contact between CNTs and
graphene can be possibly achieved by the Van der Waals forces
as the current density ( « 10® A/cm?) induced from I-V
measurements is relatively insignificant to fuse the CNTs and
graphene with covalent carbon bonds [39]. On the other hand,
the contact resistance between CNTs and graphene was slightly
smaller than the contact resistance between CNTs and Au. A
possible reason for this is the low discrepancy in the work
functions of graphene/CNTSs (4.6eV/4.7¢eV [40]), as compared
to AuU/CNTs (5.1eV/4.7eV), resulting in possible electron
tunneling in CNT/graphene interface. Under identical CNT
area,s the contact resistances between CNTs and graphene (or

Ryy—cnr-¢  has

between CNTs and Au) of configuration A and B were different.

This shows that a non-uniform current density exists at the
CNT/graphene (or CNT/Au) contact due to the current
crowding effect [41]. The effective contact area of
configuration A is larger than configuration B resulting in
smaller contact resistance in configuration A. The Ohmic
contact obtained aligns well with the assumptions in using Eq.
(1) and (2), as mentioned in the previous section. As Ohmic
contact can be postulated, the contact resistance can be
postulated to increase linearly with reduced contact area, as
agreed by Ohm’s law. In other words, a possible increase in
contact resistance may be anticipated for miniaturized
interconnects with smaller CNT-graphene contact area.
However, in actual CNT-graphene interconnects, more
uncertainties shall be considered, such as discrepancies in CNT
height/crystallinity across CNTs, which requires further
investigations to address these possible discrepancies.

The resistance of one CNT bump (Ryy,—cnr—¢) in this work is
compared against the results from state-of-the-art as shown in

5

Table Il. By normalization of the CNT area, it shows the
obtained outcomes from this work compares favourably with
the state-of-the-art [35], [37]. However, as the reported studies
used various CNT area dimensions, further study is needed to
explore the possible factors affecting the CNT/graphene
contact resistance with smaller CNT areas.

Repeatability tests of the total resistance were conducted to
each graphene and Au bridge structure as shown in Table I1I.
Except for the graphene bridge structure with PET substrate,
other three structures with SiO,/Si substrate show increasing
trend in resistances under the repeated voltage sweeps (-1V to
1V). This can be attributed to the damage of accumulating
charges at the air gap between CNTs and graphene (or Au)
contact. However, for the graphene bridge structure with PET
substrate, the air gap can be shortened by the electrostatic force
of accumulating charges after several voltage sweeps since the
PET substrate is flexible. Thus, the total resistance of graphene
bridge structure with PET substrate decreases initially, and then
stabilized with the voltage sweeps repeated.

IV. CONCLUSION

In this work, transfer process of a top graphene layer onto the
as-grown CNT bundles was successfully performed. Direct
graphene-to-CNT contact was formed at the CNT/graphene
interface. 4PP |-V characterization suggests that ohmic contact
was formed between the graphene and CNTs. Low CNT bump
resistance of 2.1Q for 90,000 pm? CNT area including the
CNT/graphene contact resistance was obtained, demonstrating
reduction of contact resistance between CNT and Au under the
same fabrication and measurement conditions. This work

TABLE 11
REPEATABILITY TESTS OF THE TOTAL RESISTANCE FOR THE GRAPHENE AND
AU BRIDGE STRUCTURE

Sample Riotar (Q)

st nd rd th th
A with graphene 111 10.6 10.0 10.2 10.0
bridge (PET)
A with Au 5.2 6.2 7.0 6.8 7.0
bridge (SiO,/Si)
B with graphene | 128.1 1354 135.0 135.0 133.7
bridge (SiO,/Si)
B with Au 18.2 213 218 223 233
bridge (SiO,/Si)

presents the preliminary results for the assembly process of
top-transferred graphene on CNTs and the electrical properties
of the direct CNT/graphene contact. For the future work, the
reduced contact resistance enables scaling down of
CNT-graphene interconnects from the investigated 90,000 pm?
CNT area with improved electrical properties for further
exploration, and bottom Au pads of the bridge structure shall be
replaced by the patterned graphene to complete the full-carbon
3D interconnection.
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APPENDIX

A. Estimation of the CNTs vertical length

The vertical length of CNT walls on the dummy sample was
measured directly from the cross-sectional SEM image as
shown in Fig. Al (a). The planar length of CNT walls on the
same dummy sample measured from the tilted-view SEM
image tilted was shown in Fig. Al (b). From the tilted-view
SEM image, the planar length of CNT walls on the real sample
was measured as shown in Fig. A2 with satisfactory uniformity.
Using the same ratio of the planar and vertical length of CNTs
on the dummy sample, the vertical length of CNT walls on the
real sample can be calculated to be 110 pum.

SED 5.0kV WD12mmP.C.50 HV  x250

Fig. Al. (a) Cross-section SEM image of the vertical length of CNT walls on
the dummy sample and (b) the planar length of CNT walls on the same dummy
sample from the top-view SEM image tilted at 20°.

Fig. A2. The planar length of CNT walls on the real sample from the top-view
SEM image tilted at 20°.

B. CNT density estimation

The average diameter of CNTs was ~3nm as shown in TEM
images. Using the formula below, the densities of CNTSs (p) can
be estimated:

FXx . —_— .
p= @ where F is the filling factor ratio (surface area

covered with CNTs after densification/surface area covered
with CNTs before densification), S is the surface area before
densification, d is the average diameter of CNTs. To determine
the filling ratio, bumps of 1 mm? were patterned (not shown) on
each sample and subjected to same growth process. The
densification process was performed by immersing the sample
in IPA. The filling factor was calculated to be 0.132 + 0.008 by
using imaging software pixel calculation, based on more than
10 CNT bumps. Using the abovementioned technique, the
surface density of CNTs was calculated to be ~10** cm™.
C. Determination of W, and estimation of R; and Ry 4y
Rg and R,y 4y, Can be estimated using (3): R = ﬁﬁRS ,
where L is the distance between two CNT bundles; W, is the
effective width of top graphene layer or Au film; R is the sheet
resistance of the graphene layer or Au film. Based on two
configurations of CNT area and the physical width (W) of the
graphene layer or Au film, as shown in Fig. 3 and Table I, it can
be postulated that:

6

Symmetrical

Current in Curreng-dut

L

'Cu (100nm)
QAU (100nm)

= 1

5mm

Fig. A3. lllustration of two Cu electrodes replacing the two CNT bundles on
the top of Au film.

1) For the CNT area with configuration A, W,pr ~ W
since the width b of CNT area (3mm) is close to W
(3.6 or 4.5mm) and the L (80um) is much smaller
compared to the value of b (3mm);

2) For the CNT area with configuration B, W,z <W
since the width b of CNT area (300um) is much
smaller than W (4.2 or 3.4mm) and the L (770 or
610um) is larger than the value of b (300pum).

TABLE I (Appendix)
4PP 1-V MEASURED TOTAL RESISTANCES OF DIFFERENT L, FROM THREE

BATCHES OF SAMPLES
Resistance (mQ)
LCu (mm)
Batch 1 Batch 2 Batch 3
0.396 104 113 113
0.594 154 156 152
0.794 186 190 193

For CNT area with configuration B, W, can be determined
by transfer length method (TLM) with two Cu electrodes
replacing the two CNT bundles on the top of Au film with
sample size of 5mm x 10mm, as shown in Fig. A3. The total
resistance between two Cu electrodes can be expressed as

R
Rtotal = 2(R(:u/Au + RCu) + Wifl‘c‘uv where RCu/Au and RCu

are the contact resistance between Cu and Au and the bulk
resistance of one Cu electrode, respectively; Ry is the sheet
resistance of Au film; L., is the distance between two Cu
electrodes. By varying the distance between two Cu electrodes,
the total resistance vs. Lq, will have a linear response. The
slope equals to Rg/ W,y

Fig. A4 shows the optical images of patterned two Cu
electrodes on the Au film with three different values of L,,.
Table | (Appendix) shows the 4PP -V measured total
resistances of different L., from three batches of samples. Fig.
A5 plots the linear response of the total resistance vs. L, with
a slope 194.3 mQ/mm. R of Au film was measured to be 313
mQ by 4PP sheet resistance measurement machine.
Subsequently, W, was calculated to be 1.6 mm (applicable
for L within the range of 396-794 um).
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