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We have fabricated SWNT-FETs using large (Ni) and small (Mg) work-function metals as source
and drain electrodes. For the device with Ni electrodes, p-type characteristic is obtained due to
small Schottky barrier for holes, On the other hand, for the device with Mg electrodes, n-type
characteristic is obtained due to small Schottky barrier for electrons. These results indicate that

conduction type of p-type or n-ype can be controlled by choosing of metal work function.
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1. INTRODUCTION

Single-walled carbon  naootubes (SWNTs) are
extensively investigated for the basic studies of low
dimensional fransport and the applications of electronic
devices, e.g field effect iransistors (FETs),
one-dimensional conductor, single electron transistors
and quantum dots, In addition, SWNTs are expected to
be applied o optical and optoslectronic devices, becanse
optical  properties, e.g  fluorescence[1.2] and
photoluminescence[3], are clearly observed due to direct
band gap. In addition, it was recently reported that
optical emission from SWNT-FETs due to the
recombination of electrons and holes that are injected at
the opposite contacts into a SWNT is observed[4-6]. The
simultaneous injection of electrons and holes is due to
small Schottky barriers for holes and electrons at the
appropriate  drain and gate voltage. Furthermore,
simultaneous injection of elecirons and holes was
reported using FET by biasing the split gates with
opposite potentials. In this case, rectification property
was observed[7.8]. In order {o realize simultaneous
injection of electrons and holes without chemical doping,
it is necessary to prepare SWNT-FETs that exhibit
ambipolar behavior[4,5,7]. However, SWNTs with large
band gap, i.e., small diameter are easy to exhibit p-type
behavior]5,7,9-11]. To realize functional devices, e.g.
light emitters and rectification devices, using SWNTs
with various band gaps, new fabrication methods for
obtaining n-type or ambipolar characteristic must be
developed.

Recently, it was reported that n-type FETs with an
individual SWNT are fabricated by using Ca with small
work functrion as the contact electrodes[12]. In this case,
the Fermi energy (Ep) of the source electrode is located
close to the conduction-band edge of the SWNT due to
small work function of Ca, and the Schottky barrier
height for electron is low; therefore, electrons are
injected into the SWNT. This study is noteworthy
because conduction type of SWNT-FETs can be chosen
by the elecirode metal without chemical doping.
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In this study, we have fabricated SWNT-FETs by
using metals with large (Ni: 5.2 ¢V) and small (Mg: 3.7
eV) work function as source and drain electrodes. In this
experiment, a large number of SWNTs prepared by spin
coating (SWNT sheet) are used as channel of the FET. If
an individual SWNT is used for channel of FET, electric
properties of the samples are easy to change by

{a) SWNT sheet,

Si0:/8i

E:Back gate

{b)

Fig. 1. (a) A schematic top view of SWNT-FET. A
large mumber of SWNTs prepared by spin coating
(SWNT sheet) are used as channel of FET. The size
of SWNT sheet is 40x30 pm”. On the SWNT sheets,
two comb-shape electrodes are formed as source and
drain. Width and gap of the electrodes are 600 nm and
400 nm, respectively. (b) Optical microscope image
of fabricated comb-shape electrodes.
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Fig. 2. (a) The V, dependence of the current for the
FETs with Ni metals as source and drain electrodes at

Yas= 10 mV. (b) IV, curve at ¥, = 0V, (¢) Magnified
FVy curve from Vg = 0910 1.0V at ¥, =20, -10, 0,
10and 20 V.

difference of SWNT characteristics, e.g. bandgap and
electronic state of metal or semiconductor, and by
difference of SWNT-electrode contacts at source and
drain, e.g. symmetry of source and drain contact
barriers". Therefore, many samples must be statistically
investigated to understand the effect of work function of
the electrode metals. On the other hand, when a large
number of SWNTs are formed into the FET, average
properties of SWNTs can be measured; therefore,
fundamental properties of SWNT-FETs hardly differ
from sample to sample. Hence this method is efficient to
understand the relationship between electric properties
of SWNT-FETs and work fonction of the elecirode
metals. The conduction type of n-type of p-type is
investigated by cwrrent measurement as a function of
gate voltage.

2. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE

A schematic top view of the device structure used in
this study is shown in Fig. 1(a). On a heavily doped
p-type Si substrate with a thermally grown Si0, layer
(200 nm), SWNT sheet was prepared by electron beam
(EB) lLithography, spin coating of SWNT and lift off.
The size of SWNT sheets was 40X 30 pn®. On the
SWNT sheets, two comb-shape electrodes are formed as
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Fig. 3. (a) The ¥, dependence of the current for the
FETs with Mg metals as source and drain electrodes
at Vi = 10 mV. (b) IV, cmrve at ¥V, = OV. (¢)
Magnified I-V,, curve from V= 091010V at ¥, =
<20, -10,0, 10 and 20 V.

source and drain with EB lithography and metal
deposition techniques. Optical microscope image of the
fabricated comb-shape electrodes are shown in Fig. 1(b).
Width and gap of the electrodes are 600 nm and 400 nm,
respectively. The electrode gap is very narrow compared
with the length of SWNTs (several um), therefore,
source and drain electrodes are directly contacted to one
SWNT: ecarrier transport through more than one SWNT
hardly ocouwrs. Mg and Ni are used for electrode metals
of source and drain. Gate voltage (V) is applied through
the back gate. Electrical measurements on the device
were carried out at room femperature in vacuum (~ 107
Torr).

3. RESULTS AND DISCUSSION

The ¥V, dependence of the current (I} for the FETs
with Ni electrode metals as source and drain electrodes
is shown in Fig. 2(a). In this measurement, the
drain-source voltage (V) was fixed at 10 mV. The
current monotonically decreases with increasing ¥, that
is, p-type transfer characteristic is obtaimed. -V
characteristic of the device at ¥, = 0 V is shown in Fig.
2(b). A highly linear curve with symanetry for positive
and negative ¥, ig exhibited. Magnified -V, curves
from ¥z = 0.9 10 1.0V at different V, of -20, -10, 0, 10
andd 20 V are shown in Fig. 2(c). The slope of the curves
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Fig. 4. Schematic band diagrams at the elec-
trode-SWNT interface for the device with the
electrode metal of (a) large (Ni) and (b) small (Mg)
work function.

decreases as the V, increases.

The V, dependence of I for the FETs with Mg
electrode metals as source and drain electrodes at V, =
10mV is shown in Fig. 3(a). The current remains almost
constant below around V, = -10 V, and increases rapidly
as the V, is further increased, that is, n-type transfer
characteristic is obtained. The current does not become
zero at Vg < -10 V, because the channel of this device
consists of the semiconducting and metallic SWNTs.
IV, characteristic of the device with Mg electrodes at
Ve =0V is shown in Fig. 3(b). A nonlinear curve with
symmetry for positive and negative V, is observed.
Magnified I-V, curves from Vy; = 0.9 to 1.0 V at
different ¥, of -20, -10, 0, 10 and 20 V are shown in Fig.
3(c). At ¥V, = 0V, the slope of the curves hardly
changed, and increases as the V is further increased.
This result agrees the I-V, result of Fig. 3(a).

Figure 4 shows schematic band diagram at the
electrode-SWNT interface for the devices with (a) Ni
and (b) Mg electrodes. Work function of Ni and Mg are
larger and smaller than that of SWNT (~ 4.8 eV)[13],
respectively. For the electrode metal with large work
function (corresponding to Ni in this experiment), the Ex
of the electrode is located close to the valence-band edge
of the SWNT, and the height of Schottky barrier for
holes is small (Fig. 4(a)); therefore, holes are injected
into the SWNT. Therefore, I-¥, curve of Fig. 2(a) shows
the p-type characteristic. In addition, a highly linear
1V, curve is obtained for the device with Ni electrodes.
In the previous study[14], the contact resistance of
SWNT-electrode contact can be reduced by using Pd as
electrodes due to large work function of Pd metal.
Therefore, FET with Ni metal has very small Schottky
barries for holes, hence a linear I-V curve is obtained.
On the other hand, for the electrode metal with small
work function (corresponding to Mg in this experiment),
the Ep of the eclectrode is located close to the
conduction-band edge of the SWNT, and the height of
Schottky barrier for electron is small (Fig. 4(b));
therefore, electrons are injected into the SWNT. Similar
result was previously reported using Ca electrodes, and
n-type transfer characteristic was observed from the FET
with individual SWNT[12]. Meanwhile, from the result
of Fig. 3(b), a nonlinear curve is observed for the device

with Mg electrodes. This is because undoped
SWNT-FETs usually show p-type conducting
characteristics{10,11] and hence the Schottky barrier for
electron has a certain heigth.

In conclusion, we have fabricated SWNT-FETs using
large (Ni) and small (Mg) work-function metals as
source and drain electrodes. For the device with Ni
electrodes, p-type characteristic is obtained due to small
Schottky barrier for holes. On the other hand, for the
device with Mg electrodes, n-type characteristic is
obtained due to small Schottky barrier for electrons.
These results indicate that conduction type of p-type or
n-type can be controlled by choosing of metal work
function.
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