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Abstract—Carbon nanotubes (CNTs) are promising candidates
for transistors and interconnects for nanoelectronic circuits. Al-
though CNTs intrinsically have excellent electrical conductivity,
the large contact resistance at the interface between CNT and
metal hinders its practical application. Here, we show that electri-
cal contact to the CNT is substantially improved using a graphitic
interfacial layer catalyzed by a Ni layer. The p-type semiconduct-
ing CNT with graphitic contact exhibits high ON-state conduc-
tance at room temperature and a steep subthreshold swing in a
back-gate configuration. We also show contact improvement to the
semiconducting CNTs with different capping metals. To study the
role of the graphitic interfacial layer in the contact stack, the cap-
ping metal and Ni catalyst were selectively removed and replaced
with new metal pads deposited by evaporation and without further
annealing. Good electrical contact to the semiconducting CNTs
was still preserved after the new metal replacement, indicating
that the contact improvement is attributed to the presence of the
graphitic interfacial layer.

Index Terms—Amorphous carbon, carbon nanotube (CNT),
contact, field-effect transistor, graphene, graphitic, interface.

I. INTRODUCTION

LECTRICAL contact is an indispensable part in inte-

grated circuits. The small contact area between carbon
nanotubes (CNTs) and metal electrode makes electrical cou-
pling between them extremely difficult [1]-[3]. The large
electrical contact resistance hinders the practical electronics
applications of the CNTs, although it has high intrinsically elec-
trical conductivity [2], [3]. The contact between semiconduct-
ing CNT (s-CNT) and metal is generally modeled as a Schottky
barrier (SB), resulting from the Fermi level mismatch between
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s-CNT and metal electrode [4]-[6]. However, experimental
results have shown that the contact resistance is still large for
the CNTs with metallic band structure [2], where the SB should
not exist at the interface between metallic CNT and metal.
This indicates that there is additional contact barrier or series
resistance for metallic CNT/metal. Recent experimental results
on both semiconducting and metallic CNT devices revealed that
surface chemistry is very important for forming good electrical
contact between CNT and metal [7], [8]. The metal wetting
to the tubular structure of the CNT is imperfect, where the
metal atoms are not fully covered on the CNT surface. An
atomic-level physical gap exists between CNT and metal [9],
[10]. The cohesion between metal and sp? carbon is inversely
correlated with the metal-carbon distance [11]. Researchers
also experimentally and theoretically demonstrated that the
contact resistance to the CNT is dependent on the contact
length, indicating that the contact resistance has a spreading
resistance component [12]-[15].

To develop the CNT-based electronics to achieve its full
performance potential, it is imperative to minimize the contact
resistance to the CNT device. For Si CMOS technology, metal
silicides have been widely used for ohmic contacts [1]. For
Si nanowire, doped epitaxial Si has been reported for the
use of the contact material [16]. For carbon-based large-band-
gap semiconductors, such as silicon carbide and diamond, a
graphitic carbon layer has been used to form ohmic contact
[17]-[19]. Graphitic carbon, with metal-like resistivity, similar
chemical bonding to the CNT, and much better wettability to
the CNT than other regular metal, is possibly a low-resistance
contact material to the CNT. Recently, researchers have used
electron-beam-induced carbon deposition to the CNT/metal
contact region inside a scanning electron microscope (SEM)
or transmission electron microscope (TEM) and formed low-
resistance electrical contact to multiwalled CNT [20]-[26]. The
graphitization of the carbon layer can be formed via dehydro-
genation by electron beam irradiation. Kane et al. reported that
electrical contact to the single-walled metallic CNT device was
greatly improved by a high-temperature annealing process in
vacuum [27], [28]. They showed that the chemisorbed carbona-
ceous contamination to the CNT surface can be graphitized with
the high-temperature anneal process [27], [28]. In an earlier
work, we have used amorphous carbon (a-C) as the interfacial
layer between the metal and the single-walled metallic CNT.
After the graphitization of the a-C assisted by Ni catalyst, the
electrical contact to the metallic CNT has been substantially
improved [3]. Theoretical calculations also suggested that good
electrical contact can be formed between the CNT and the
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graphitic carbon [29], [30]. In this paper, we show that the
use of a graphitic carbon (G-C) interfacial layer to s-CNT can
improve the electrical contact to the s-CNT and reduce the
subthreshold swing of transistors with these improved contacts.

II. FABRICATION OF TEST STRUCTURE

We used a 4-in Si wafer coated with 200-nm-thick thermal
oxide as the substrate. We grew the horizontally aligned CNTs
on quartz wafers and transferred the CNTs to the Si/SiOq
substrate. The detailed CNT growth and transfer process has
been described elsewhere [31]. The average diameter of the
CNTs is 1.2 nm in this work. The patterns of the metal elec-
trodes were defined by a standard photolithography process.
The metal was deposited by e-beam evaporation and then lifted
off. The active region of the CNT device was defined by another
photolithography process. The rest of the CNT outside the
active region was etched away by oxygen plasma. The average
site density of the CNTs is 2 CNT/um. The number of CNTs
for devices with 1-pm channel width ranges from 1 to 3. In this
paper, we select the devices with only a single CNT and report
their electrical characterization.

III. RESULTS

The CNT field-effect transistor (FET) with metal side-
contacted configuration (metal/CNT sidewall) has been shown
to work as an SB transistor, where the SB height is mainly
determined by the metal work function and the band gap of
5-CNT [4]-[6]. For a typical p-type CNT transistor, the metal
with high work function forms small SB height contact, as
schematically shown in Fig. 1(a), where the Fermi level of the
metal aligns well with the valence band of the CNT. Palladium
(Pd), which is a noble metal with high work function and
good wetting interactions with CNT, has been found with good
electrical contact to both semiconducting and metallic CNTs
[32], [33]. In this paper, we used five kinds of metal with
different work functions as the contact to the single CNT. The
CNT extends beyond the electrodes and make side contacts
to the electrodes. The devices were electrically characterized
at room temperature in air ambient with p-type doped Si sub-
strate as the back-gate electrode. Five different kinds of metal
electrodes (Pd, Pt, Au, Ti, and W) were fabricated on different
CNTs. Fig. 1(b) shows the representative I;—V, transfer curves
of the CNT devices with different metal contacts, where the
channel length defined by the source—drain electrode is 1 pm.
All the devices show p-type dominant transport characteristics.
The ON-state conductance of the s-CNTs shows no obvious
dependence on the metal work function. Although Pt has the
highest work function (5.9 eV) in this group of metals, the
ON-state current of Pt contacted CNFET is much lower than
that of the devices with other capping metals. The expected
low contact barrier according to the SB theory was not realized
in the case of Pt contact. The high contact resistance with
Pt contact has been attributed to the dewetting property of Pt
to the CNT [9]. Instead of a uniformly coated contact region,
the deposited Pt and Au typically form nanoclusters that cover
the CNT surface discretely [9], [10]. The atomic vacuum gap
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Fig. 1.  Electrical characterization of the s-CNT devices with different contact
metals. (a) Schematic energy band diagram of the ON-state (p-channel only)
for the SB-type CNT devices with different contact metals. The high-work-
function metal forms a small SB barrier to the s-CNT. (b) Representative
14—Vy4s transfer curves of single CNT devices with Pt, Pd, Au, Ti, and W
contact metal. V5 is —1 V. The channel length is 1 pm. The ON current of
the CNT devices shows no obvious dependence on the metal work function.

results in a large series contact resistance or a physical barrier.
In contrast, Ti has a lower work function (4.4 V) than Pt, but
the CNT devices with Ti contact show better conductance than
the Pt contact devices. These results clearly indicate that the
electrical contact resistance to s-CNT is not only determined
by the SB height but also correlates the cohesive strength of the
electrode-carbon interface [11]. Theoretical work has showed
that the contact resistance to CNT also depends on the contact
length, the coupling conductance, and the mean-free path of the
CNT [15]. To further understand the contact resistance to CNT,
we need to consider the factors previously mentioned.
Compared to regular metal contact, carbon itself is a material
with the best wettability to the CNT surface. In this paper,
we deposited a thin carbon film (“nominal” thickness ~2 nm)
by e-beam evaporation method on top of the CNT surface as
an interfacial layer. The carbon layer was only located at the
contact region to CNT. The pattern of carbon layer was defined
by photolithography and lift off. The as-deposited carbon has
an amorphous structure, consisting of both sp? and sp® bond-
ing. The amorphous carbon (a-C) can be graphitized with the
assistance of a transitional metal catalyst at high temperature
[34], [35]. Fig. 2(a) shows the schematic of the formation of
the graphitic interfacial layer. We used a thin Ni layer (~5 nm)
as the catalyst on top of the a-C layer with the same pattern.
The whole stack was annealed at a temperature of 850 °C in
a furnace, where the chamber was pumped to base pressure
(~50 mtorr) by a mechanical pump before raising to high tem-
perature. The anneal process was then conducted in Ar or He
ambient. After the anneal process, the CNT is fully wrapped by
graphitic carbon (G-C), as schematically depicted in Fig. 2(b).
Zheng et al. showed that graphene formed on top of the Ni
surface with a similar process [34], whereas our experimental
results suggested that the graphitic carbon can form both on top
and underneath the Ni layer if the Ni thickness is optimized.
We prepared a cross-sectional TEM sample to characterize the
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Fig. 2. Characterization of the graphitic interfacial layer. (a) Process flow
of introducing the graphitic interfacial layer between the CNT and the metal
electrode. The graphitic carbon is crystallized by the Ni catalyst on top of the a-
C. (b) Schematic of the CNT/metal interface with the G-C interfacial layer. The
metal electrode wetting to the CNTs is greatly improved by the G-C interfacial
layer. (c) Cross-sectional TEM image of the G-C interfacial layer sandwiched
between metal and oxide.

interface underneath the Ni layer. The cross-section TEM image
in Fig. 2(c) clearly shows the presence of G-C, which has
multiple layers and is sandwiched between metal and oxide.
The lattice distance of the G-C is 3.4 A, which is the hallmark of
the graphite (2 0 0) direction. Our results are also in agreement
with the results by Itoh [35]. The G-C interfacial layer has good
wetting to both the metal and the CNTs, and the similar sp?
structure to the CNTs. The vacuum gaps between the metal and
the CNT are bridged by the G-C layer. In the ideal case, the
coupling between the layers of the graphite is weak. However,
the CNT produced by chemical vapor deposition method is
typically defective. The anneal process was conducted at a high
temperature with both solid carbon and Ni catalyst. These con-
ditions are similar to the CNT growth process. It is reasonable
to expect that the a-C possibly reacts with the defective sites
in the CNTs assisted by Ni catalyst, forming a strong chemical
bonding to the CNT at the contact region. The G-C interfacial
layer with covalent chemical bonding to the CNTs enlarges
the actual contact area between the CNTs and the metal, and
provides more conduction channels at the contact region. The
graphitic layer has a ~2-nm thickness, a micrometer width,
and many defective sites (characterized by Raman spectroscopy
subsequently). These help the carriers transport through the
graphitic interfacial layer easily. Thus, the G-C interfacial
layer helps establish the low-resistance electrical contact to the
single-walled CNT. To compare the effect of the G-C interfacial
layer on the electrical contact to the CNTs, we fabricated the
electrical contact with and without the G-C layer on the same
CNT to minimize the variations resulting from the different
CNTs. Fig. 3(a) and (b) shows the schematic of the process flow
and the SEM images of our test structures. The dimension of the
metal contact finger to the CNT is 5 pum.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 1, JANUARY 2012

@) @ @
ﬂj ﬁ@
Ni/Au Annealing: Graphitic carbon

Graphitic contact

Regular contact

« CNT

Regular contact

Fig. 3. Process flow and SEM images of the devices. (a) Schematic of the
process flow for fabricating the devices. (b) SEM images of the horizontally
aligned CNTs and the test structures on the same CNT with and without the
G-C interfacial layer.

Fig. 4(a) shows the I3V transfer curves of the same CNT
with and without the GG-C interfacial layer at a V5 of —1 V. The
capping metal is Ni/Au, where Ni is the catalyst for graphi-
tization and Au is used for protecting Ni oxidation. Here, a
slash “/” between the different metals indicates the deposi-
tion sequence. (Ni was deposited first, and Au was deposited
afterward.) Since the devices with and without the interfacial
contacts are fabricated on the same CNT with the same channel
length, it is reasonable to conclude that the current level differ-
ence is a direct result of electrical contact improvement at the
interface. Before the anneal process, the interfacial layer still
has an amorphous structure. The ON-current of the CNT devices
with and without the a-C interfacial layer shows negligible dif-
ference within the range of normal device variation. Although
the a-C layer has better wettability than the Ni/Au metal pad,
the sp> bonding carbon is insulating. Its effect on the contact is
similar to the vacuum gap. Therefore, the a-C interfacial layer
does not improve the electrical contact to CNT too much prior
to the annealing.

After the anneal process, both the CNT devices with and
without the G-C layers show ON-current improvement. How-
ever, we believe that the reasons for contact improvement in
these two structures are different. For the device without the
G-C interfacial layer, the reduction in the contact resistance
or the potential barrier is most likely to result from the heat-
induced desorption of adsorbates or the relaxation of structural
imperfection at the interface. Similar contact improvements to
the CNT devices have been realized by local Joule heating [36],
[37], rapid thermal annealing [38], and vacuum annealing [27].
Fig. 4(b) shows the I;—V;, output curves of the CNT device
without the G-C layer after the annealing process, exhibiting
a nonlinear relationship at low Vgs. The Vg, was swept from
—10 to —2 V in steps of 2 V. The shape of the I;—V;s curve
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Fig. 4. Electrical characteristics of the CNT devices with the graphitic inter-
facial layer. (a) I4—Vys curves of the same CNT devices with and without the
G-C interfacial layer, where the channel length is 1 pm, and Vs is —1 V. The
ON current of the CNT is substantially improved by the G-C interfacial layer.
Output 13—V curves of the same s-CNT (b) without and (c) with the G-C
interfacial layer. Vs was swept from —10 to —2 V in steps of 2 V.

indicates that there is a potential barrier at the contact region,
although the annealing process improves the electrical contact
by a small amount. The CNFET without the G-C layer in this
work has the geometry of side contact, planar back gate, and
planar channel. Its subthreshold slope is determined by not only
the electrostatics of the device structure but also the carrier
injection at the contact region [4], [39]. The contact barrier
width in the SB-type CNFET is modulated by the gate electric
field, leading to a large subthreshold slope [4].

The ON-current of the CNT device with the G-C layer is
substantially improved after the annealing process. In addition
to the effects of the desorption of adsorbates and the relaxation
of imperfect structure, the a-C is crystallized into the G-C and
possibly forms chemical bonding with the defective sites in
the CNTs. This G-C layer extends the effective wave-function
overlap to the CNTs, improving the electrical contact of the in-
terface [27]. The steep subthreshold swing provides additional
evidences that chemical reactions occur in the contact region.
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Fig. 5. Electrical characteristics of the CNT devices with different contact
metals. (a) Transfer -V curves of the Ni/Pt contact devices of the same CNT
with and without the G-C interfacial layer after the anneal process, showing
substantial improvement with the G-C interfacial layer. Transfer 14—V s curves
of (b) Ni/Pd and (c) Ni/W with and without the G-C interfacial layer, also
exhibiting ON-current improvement and subthreshold swing reduction.

The shape of the I;—V;s output curve of the CNT device with
the G-C layer (Fig. 4(c), Vs was swept from —10 Vto —2 V in
steps of 2 V) exhibits linear regions at low V5 and saturation
regions at high V. This suggests that the contact barrier
between the metal and the CNT is greatly decreased with the
G-C interfacial layer.

The annealing at high temperature with the G-C interfacial
layer involves both physical and chemical property change. The
exact nature of the contact remains unclear at this point. Here,
we present a plausible explanation for the observations that
the subthreshold region becomes steeper after introducing the
G-C interfacial layer. As we discussed previously, the anneal
of the a-C assisted by Ni may help form chemical bonding to
the defective sites in the CNTs. The contact barrier between the
metal electrode and the CNT is greatly reduced with the G-C
interfacial layer. The device characteristics appear to only have
the thermal subthreshold slope, which is normally steep. Thus,
the subthreshold slope of CNFET becomes smaller when we
introduced the G-C layer. The function of the G-C layer is sim-
ilar to a source—drain electrode. The “artificial” source—drain



16

—
(=)
~

()

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 1,

JANUARY 2012

—~
2
-~

Au ] ]
a0 Ni ® g@ Kll,etching (Au) - G 1 -
HCl etching (Ni) 3 = ]
g, P P I 8
2 2 ]
-a | 'a
G-C CNT \ § § 1
£ | i £
Metal _— P
replacement 1500 2000 2500 3000 295 290 285 280
Raman Shift (cm™) Binding Energy (eV)
(d) (e) ®
101 T T T T 1075 ] ] 1054
107 1074 107
I T
> 109 T 10°9 > 109
3 10-11 1 3
10-1"] |— G-C/Ni/Au — G-C/Ni/Au 101 {[— G-C/Ni/Au
] |=—G-CIPt replacement 1 10-13 3l—c-cipd replacement 3 ]l=—G-C/W replacement ]
6 3 0 3 6 6 3 0 3 6 6 3 0 3 6
Vgs (V) Vgs (V) Vgs (V)

Fig. 6. Characteristics of the graphitic CNT device replaced by other capping metals. (a) Schematic of the process for removing Ni/Au metal and replacing with
other metals without further anneal. (b) Raman spectroscopy and (c) XPS of the G-C/Ni/Au stack after Ni/Au wet etching. The material analysis clearly showed
that the graphitic layer preserved well after the wet-etching process. 14—V transfer curves of the graphitic contact CNT devices with (d) Pt, (e) Pd, and (f) W

metal replacement.

electrodes with doped CNT segment have been demonstrated
previously [40], [41]. The extended source—drain electrode
could be doped to form p- or n-type contacts. In our work, the
G-C layer is under the metal pad. Doping the CNTs under the
metal with graphitic layer may help make p-type contact and n-
type contact similar to the work reported with Si nanowire FET
[16]. More investigations are needed to clearly understand the
interface between the graphitic layer and the CNT.

We have shown contact improvement to s-CNT with the G-
C/Ni/Au stack. To investigate the effect of the capping metal
on top of the G-C layer, we also choose the capping metal with
different work functions and chemistry properties. Fig. 5 shows
the representative electrical characteristics of the CNFETSs with
the G-C/Ni/Pt, G-C/Ni/Pd/, and G-C/Ni/W stack. Although the
CNT devices show different characteristics due to CNT-to-CNT
variation, all of them exhibit high ON-current level after the use
of the G-C interfacial layer. Similar to the G-C/Ni/Au contact,
they also exhibit steeper subthreshold region compared with de-
vices without the G-C layer. After the use of the G-C interfacial
layer, the average resistance of the CNT devices with different
kinds of capping metal is reduced to a similar level. A notice-
able example is devices with Pt capping metal, which typically
have high contact resistance to the CNTs [7], [9]. The contact
resistance of the Pt-contacted CNT device is greatly reduced
with the G-C interfacial layer. These results suggest that the
electrical contacts to the CNTs with different capping metals
can be improved with the use of the G-C interfacial layer.

In the preceding experiments, we used capping metal Au to
protect the Ni from oxidation, which also served as the metal
pad. The Ni/Au stack underwent the high-temperature anneal
process. To understand the role of the G-C layer in contact im-

provement, we removed the Ni/Au capping metal by wet etch-
ing (KI/I, and HCI), as schematically shown in Fig. 6(a). Then,
we replaced with other kinds of as-deposited metal without
further annealing process. Fig. 6(b) shows the Raman spectrum
of the sample after removing the Ni/Au layer. The sharp G
(~1571 cm™1) peak is clearly observed in the Raman spectrum,
indicating that the G-C layer is still preserved after wet chemi-
cal etching. The high D peak (~1350 cm™!) suggests the pres-
ence of many defective sites in the graphitic layer, providing
carrier conduction paths through the graphitic layers. Fig. 6(c)
shows x-ray spectroscopy (XPS) of the sample after removing
the Ni/Au layer. The Cls peak (~284 eV) in XPS spectroscopy
shows that the majority of the carbon is in graphitic form, indi-
cating that the sp> carbon in a-C has been converted to the sp?
carbon by the annealing process assisted with the Ni catalyst.
The average site density of the CNTs is 2um in this work,
and the active region is 1 um wide. One or two single-walled
CNTs are beyond the XPS detection limit. We believe that the
peaks in the spectrums resulted from the graphitic carbon layer
(100 pm x 100 pm). These spectroscopy analyses are in agree-
ment with the cross-sectional TEM result shown in Fig. 2(c),
indicating that the G-C layer exists underneath the Ni catalyst
and preserves well after the selective etching process.

Fig. 6(d)—(f) shows the 13—V transfer curves of the same
CNT devices with annealed metal pad and with other replaced
capping metals. The pattern of the metal pad was defined by
photolithography using an ASML stepper. This allows us to
precisely locate the different kinds of metal on the original
CNT. Although the devices with the replaced metal show dif-
ferent electrical characteristics, they still exhibit a similar ON-
current level compared to the device with the annealed Ni/Au
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capping metal. From this control experiment, we are able
to conclude that the contact improvement in our experiment
indeed comes from the presence of the G-C interfacial layer,
instead of heat-induced relaxation. The devices with Pt-, Pd-,
and W-replacement show similar /-V characteristics to the Au
contacted device on the same CNT. This suggests that the Ni/
G-C is the dominant factor for the contact barrier to the CNT in
this case.

IV. CONCLUSION

In summary, a G-C interfacial layer has been introduced by
the crystallization of the a-C. The low-resistance electrical con-
tact has been established to the s-CNTs with different capping
metals using the G-C interfacial layer. The reduction in the
contact resistance has been attributed to the improved wetting
and the formation chemical bonding to the CNTs. The actual
contact area to CNT is enlarged due to the presence of the G-C
interfacial layer. Selective removal of capping metal and subse-
quent replacement with other metals indicates that the contact
improvement is indeed from the presence of the G-C interfacial
layer. Our works not only provide an alternative approach to
forming good electrical contact to the CNTs but also help to
understand the nature of the contact interface at nanoscale.
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