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l. INTRODUCTION 
carbon nanotubes are 

"'v'·"ncm"'" "'v"''"c;<m--u for the basic studies of low 
trru1sn·mt and the ammc:auons of electronic 

effect 

are 
it was 

em1ss1on from SWNT -PETs due 
recombination of electrons ru1d holes that are at 
the contacts into a SWNT is The 

of electrons ru1d holes is due to 

appropriate and 
simultaneous 
reported 

for holes and electrons at the 

ontiOSlte potentials. In this case, '""Huvu•.•vu '"'""'""hr 
was observed[7,8]_ In order to realize simultaneous 
"'J""•'v" of electrons ru1d holes w-ithout chemical 
it is to SWNT -FETs that exhibit 
ambipolar SWNTs with 
band gap, i.e., small diameter ru·e to exhibit p-type 
be11avior[5,7,9-ll]. To realize e.g. 
light emitters and rectification using SWNTs 
with vmous band gaps, new fabrication methods for 
obt:ammg n-type or ambipolar characteristic must be 

FETs with an 
Ca with small 

work funct11on as the contact In this case, 
the Fermi energy of the source electrode is located 
close to the conduction-bru1d of the SWNT due to 
small work function of the :SCllOtitKv 

for electron is 
into the SWNT. This 

conduction type of 
the electrode metal without chemical 

215 

we have fabricated SWNT-FETs 
5.2 ru1d small 3.7 

work function as source and electrodes. In this 
number of SWNTs ""'P'"''"r"vl 

are used as channel 
mdtvlc!ual SWNT is used for channel 

are 

A schematic top view of SWNT -FET. A 
number of SWNTs 

are used as 
of SWNT sheet is 40x30 
t>vo electrodes are formed as source and 
drain. Width and of the electrodes are 600 nm and 
400 l1l11, rP~1""'1'J-ivPhr 

of fabricated cornn-·sn<me 
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The 
Ni 

= lO m V. (b) 
curve from 

10 and20 V. 

ae}len(Jence of the current for the 
as source and drain electrodes at 
curve at = OV. 

= 0.9 to at 

difference of S\VNT characteristiCs 
electronic state of metal or 
difference of S\VNT -electrode contacts at source and 

of source and drain contact 
must be sta1tistiically 

v"""!§<w;;u to of work function 
the electrode metals. On the other when a 
number of S\VNTs are formed into the 
properties of S\VNTs can be 
fundamental properties of S\VNT-FETs hardly differ 
from to sample. Hence this method is efficient to 
understand the relationship between electric properties 
of S\VNT-FETs and work function of the electrode 
metals. The conduction of or p-type is 

current measurement as a function of 

2. SAMPLE PREPARATION AND EXPERIMENTAL 
PROCEDURE 

A schematic top view of the device structure used in 
this is sho·wn in On a 

substrate with a layer 
S\VNT sheet was electron beam 

spin and lift off. 
The size of SWNT sheets was 40 X 30 . On the 
S\VNT two electrodes are formed as 

8.5 
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The Vg of the current for the 
metals as source and drain electrodes 

at 10 mV. (b) curve at = OV. (c) 
Magnified curve from = 0.9 to V at Vg = 
-20, -10, 0, 10 and 20 V. 

source and drain with EB lithography and metal 
depost1Jon techniques. Optical microscope image of the 
""'u""""" cornb-·Sh<me electrodes are shown in Fig. 1 (b). 

of the electrodes are 600 run and 400 nm, 
electrode gap is very narrow compared 

with the length of S\VNTs (several ~un); therefore, 
source and drain electrodes are directly contacted to one 
S\VNT: carrier through more than one S\VNT 

occurs. Mg Ni are used for electrode metals 
of source and drain. Gate voltage ( Vg) is applied through 
the back gate. Electrical measurements on the device 
were carried out at room temperature in vacuum (- 10-6 

Torr). 

3. RESULTS AND DISCUSSION 
The dependence of the current (J) for the FETs 

with Ni metals as source and drain electrodes 
2(a). In this measmement, the 
(Vds) was fixed at 10 mV. The 

mcmo1con:tcaJrv decreases with increasing Vg, that 
transfer characteristic is obtained. I- Vds 

ch<tracteri.stic of the device at "" 0 V is shown in Fig. 
A highly linear curve symmetry for positive 

and is exhibited. Magnified curves 
from = 0.9 to 1.0 V at different Vg of -20, -10, 0, 10 
and 20 V are shown in The slope of the curves 
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(a) Ec 

(b) 

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 Vg increases. 
The Vg dependence of I for the FETs with Mg 

electrode metals as source and drain electrodes at Vd, = 

lOmV is shown in Fig. 3(a). The current remains almost 
constant below around Vg = -10 V, and increases rapidly 
as the V g is further increased, that is, n-type transfer 
characteristic is obtained. The current does not become 
zero at V g < -10 V, because the channel of this device 
consists of the semiconducting and metallic SWNTs. 
1-V as characteristic of the device with Mg electrodes at 
Vg = 0 V is shown in Fig. 3(b). A nonlinear curve with 
symmetry for positive and negative V as is observed. 
Magnified 1-Vas curves from Vds = 0.9 to 1.0 V at 
different Vg of -20,-10, 0, 10 and 20 V are shown in Fig. 
3(c). At Vg ~ 0 V, the slope of the curves hardly 
changed, and increases as the V g is further increased. 
This result agrees thel-Vg 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 ofNi 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 EF 
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, 1-Vg curve of Fig. 2(a) shows 
the p-type characteristic. In addition, a highly linear 
I-V as curve is obtained for the device with Ni electrodes. 
In the previous study[l4], 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 
harries for holes, hence a linear I-V as curve is obtained. 
On the other hand, for the electrode metal with small 
work function (corresponding to Mg in this experiment), 
the EF of the electrode 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[l2]. 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[lO,ll] 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 
Schottk-y 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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