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We report air-stable n-type operations of the single-walled carbon nanotube field effect transistors
�SWNT-FETs� fabricated with Gd electrodes. Unlike previously reported n-type SWNT-FETs, our
devices maintained their n-type operation characteristics in ambient atmosphere for more than two
months. The shallow Gd films with a thickness below 20 nm are corroded by environmental oxygen,
whereas the well-contacted Gd-SWNT interfaces underneath the thick Gd layers are protected from
contaminations by air molecules. Theoretical studies based on the first-principles electronic
structure calculations confirm that Gd layers have an excellent binding affinity to the SWNTs.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2990642�

Electronic devices based on molecular building blocks
have attracted increasing interest because they may provide
solutions for keeping track of Moore’s law. Since molecular
structures are not limited by lithography resolution, they
could allow a further reduction in the chip size compared to
patterned devices.1 Among the various molecular switching
units suggested or tested to date, single-walled carbon nano-
tube �SWNT� is an exemplary case due to its excellent elec-
tronic properties, which include an exceptional current-
carrying capacity and a high mobility.2,3 Several research
groups have reported the successful fabrications of SWNT-
based diodes,4–6 logic gates,7,8 and chemical9 or biological
sensors.10,11 Nevertheless, a few key technological issues still
remain challenging, for example, the fabrication of n-type
SWNT-field effect transistors �FETs� is necessary for the
complementary logic circuits. SWNT-FET, without a special
treatment, normally tends to show p-type behavior, which is
attributed to either Fermi-level alignment at the contact or
hole doping in the channel by environmental oxygen species,
including water vapors and oxygen molecules.12,13

The existing strategies for fabricating n-type SWNT-
FETs can be classified into two categories. In the first ap-
proach, electron dopants such as alkali metals or polymers
are employed to generate electron carriers in the body of the
SWNTs.14,15 The second approach entails engineering the
contact barrier to achieve a lower Schottky barrier for elec-
tron transport into the conduction bands of the SWNTs. Nev-
ertheless, in practice, electron dopants are vulnerable to oxi-
dation and the work function of the metal surface is likely to
increase upon oxidation under ambient air.16 Therefore, irre-
spective of the method used �channel doping or the contact-
barrier engineering�, achieving long-term stability of n-type
operation under ambient conditions remains a great chal-
lenge. Shim et al.15 demonstrated that polyethyleneimine-
coated SWNTs could lead to air-stable n-type transistor op-
erations and Zhang et al.8 achieved the same objective by

following the second route. They reported the fabrication of
the SWNT complementary devices and showed that Sc-
contacted SWNT-FETs appear to exhibit a long-term air-
stable n-type behavior without passivation.8

In this work we fabricate Gd-contacted SWNT-FETs,
noting that the work function of Gd ��3.1 eV� is much
lower than that of carbon nanotube ��4.8 eV�. Unlike other
low-work-function elements, Gd is relatively stable in dry
air17 and also widely used for electronic and medical appli-
cations. We report that the n-type behavior of the Gd-
contacted SWNT devices is maintained for more than two
months in air. To prepare the devices, SWNTs were grown
on heavily doped p-Si wafers covered by 500 nm thick SiO2
insulating layer. Details of the device fabrication procedure
are described elsewhere.16 We deposited the Gd layer by
means of e-beam evaporation. Figure 1 shows the electrical
transport characteristics of a SWNT-FET, contacted with 50
nm thick Gd electrodes after 50 days of air exposure. The
length and diameter of the channel are 5 �m and 2.5 nm,
respectively. The device shows clear n-type transport in am-
bient atmosphere, and an electron mobility goes up to
811 cm2 /V s.18 Moreover, the on/off ratio is larger than 5
�105 �Ion=0.926 �A and Ioff=1.6 pA at Vsd=300 mV�.

We also characterized the device under high vacuum
conditions �below 10−6 torr� to minimize the effects of en-
vironmental oxygen. Figure 1�b� shows a semilogarithmic
plot of the electrical conductance of a Gd-contacted SWNT
in air �red� and vacuum �blue�. The gate threshold voltage
shifts toward negative direction upon evacuation, and a small
increase in the on-state current is observed. Such a negative
shift in the gate threshold voltage is attributed to the deple-
tion of hole carriers, which is accompanied by desorption of
oxygen species. The shift in the gate threshold voltage upon
evacuation ��Vg�3.4 V� is almost the same for all the
tested devices with similar channel lengths of about 5 �m.
The amount of charge transferred from environmental oxy-
gen species estimated from �n�Cg�Vth /eL is about 0.7
electrons/nm. Considering that a physisorbed oxygen mol-a�Electronic mail: jujinkim@chonbuk.ac.kr.
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ecule withdraws only a few hundredths of an electron from
the nanotube,19 the observed shift in the gate threshold may
roughly indicate that several oxygen molecules per nano-
meter are adsorbed on the nanotube surface.

Now we investigate the long-term stability of the n-type
feature of our SWNT-FETs at various thicknesses of the Gd
layer. Time evolutions of the electrical transport properties of
SWNT-FETs with 50 nm thick Gd electrodes are presented in
Fig. 2�a�. Although Fig. 2�a� shows relatively large shifts in
the threshold voltages and the reduced on/off ratio versus
time both for vacuum and air, it is noteworthy that the n-type
features of the devices persisted for more than two months.
Previously, researchers tried to preserve the n-type behavior
of the SWNT-FETs by protecting the metal contact from oxi-
dation, thereby utilizing polymers20 or a Si3N4 membrane.21

Here we do not use any protection layers. We only note that
the long-term stability is strongly related to the thickness of
the Gd layer. Figure 2�b� shows the I-Vg characteristics of a
SWNT-FET contacted with a 10 nm thick Gd layer. Imme-
diately after being fabricated, the device showed n-type tran-
sistor behavior. However, both the p- and n-channel currents
decreased substantially as time elapsed.

Upon increasing the Gd film thickness to 20 nm, one-
third of the device showed a large decrease in the conduc-
tance or instability, whereas the other two-thirds showed
only minor changes caused by aging in the ambient atmo-

sphere. In contrast, all the devices contacted with Gd films
thicker than 30 nm were stable for over two months. Based
on these results we believe that the Gd surface has a strong
binding affinity with SWNT surfaces, and thus the environ-
mental oxygen molecules did not penetrate into the Gd-
SWNT surface. On the other hand, since the Gd layer itself is
vulnerable to oxidation, a shallow Gd layer is likely to be
completely eroded, providing a highly resistive contact. It
appears that a Gd layer with a minimum thickness is required
to obtain a stable n-type SWNT-FET.

Another extraordinary feature of our SWNT-FETs with
thick Gd contacts is the substantial negative shift in the I-Vg
curve with the aging in ambient air, as shown in Fig. 2�a�,
which is in obvious contrast to usual SWNT-FETs. We con-
jecture that the strong binding affinity of the Gd layer with
the SWNT is likely to lead to a spontaneous improvement in
the contact. The contaminants initially located at the Gd-
SWNT interface will gradually diffuse away with the long-
time aging process, resulting in the negative shift in the I-Vg.
On the other hand, the adsorptions on the SWNT body in-
duce hole doping, giving rise to the positive shift in the I-Vg
curve. We also note that the vacuum of 10−6 Torr is not an
extremely high vacuum, and thus the long-time exposure
may lead to a substantial adsorption. The observed modest
positive shift in the I-Vg under the vacuum condition is be-
lieved to be the outcome of the interplay between the two
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FIG. 1. �Color online� Electrical transport characteristics of a SWNT-FET contacted with a 50 nm thick Gd electrodes. �a� Gate-dependent conductance �I-Vg�
measured using the bias voltages between 0.06 and 0.3 V. Inset: atomic force microscopy image of the device; the scale bar is 1 �m. �b� Semilogarithmic plot
of I-Vg measured in vacuum �blue� and in air �red� with a bias of 0.3 V. Inset: a schematic diagram of the device.
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FIG. 2. �Color online� Long-term stability of Gd-contacted SWNT-FET. The source-drain bias voltage �Vsd� was 0.1 V. �a� Semilogarithmic plot of the
conductance of a SWNT-FET with 50 nm thick Gd electrodes in air �blue and red curves� and in vacuum �green and gray curves�. �b� Semilogarithmic plot
of the conductance measured from the SWNT-FET with 10 nm thick Gd electrodes.
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opposing mechanisms: negative shift by the contact aging
and positive shift by the adsorptions on the CNT body.

To understand the observed long-term stability of the
n-type feature of our Gd-contacted SWNT-FETs, we perform
the density-functional-theory-based first-principles calcula-
tions of SWNTs in contact with various metal surfaces. We
use the Vienna Ab initio simulation package, and the pro-
jected augmented wave potential and the generalized gradi-
ent approximation are selected for this calculation.22 We are
particularly interested in the binding affinity of the SWNT to
the Gd surface in comparison to a known metal surface such
as Al. Figures 3�a� and 3�b� show optimized geometries of
the SWNT in contact with three layers of Gd and Al, respec-
tively. We first optimized the bulk structures of Gd and Al in
the hexagonal close packed and face-centered cubic lattices,
respectively. Then, three layers of Gd and Al were con-
structed assuming the same bond length as that of the bulk
crystal, and a side contact to the SWNTs was introduced, as
shown in Fig. 3. In accordance with our conjecture proposed
in previous paragraphs, the Gd surface exhibits a strong
binding affinity to the SWNTs. This is not the case for the Al
layers with �111� surface. In the optimized geometry, the
SWNT is separated from the Al surface by the van der Waals
distance. Both Al and Gd have lower work functions than the
SWNTs. Therefore both metals can act as electron donors,
thus inducing a n-type operation in the SWNT-FETs.16 How-
ever, the air stability of the n-type behavior of Gd-based
devices is characteristically different from that of Al-based
devices, which is mainly attributed to the differences in sur-
face chemistry.

In summary, we fabricated Gd-contacted SWNT-FETs
and found that the n-type characteristics of the devices were
exceptionally stable under ambient air. SWNT-FETs com-
posed of Gd electrodes with a thickness above 30 nm main-
tained their n-type behavior for more than two months under
ambient air conditions, whereas the conductance of devices
with thin Gd electrodes degraded substantially within a few

days. We attribute this behavior to the strong binding affinity
of the Gd layers to the SWNTs in conjunction with the strong
oxidation tendency of the Gd surfaces and suggest that Gd
contacts with an appropriate thickness could be a very prac-
tical solution for obtaining the air-stable n-type SWNT-FETs.
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FIG. 3. �Color online� Optimized geometry of the �10, 0� carbon nanotube
in contact with three layers of �a� Gd and �b� Al.
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