
    

 

 

 
 
This is an electronic reprint of the original article.  
This reprint may differ from the original in pagination and typographic detail. 
 

Author(s): 

 

 

Title: 

 

Year: 

Version:  

 

Please cite the original version: 

 

 

  

 

 

All material supplied via JYX is protected by copyright and other intellectual property rights, and 
duplication or sale of all or part of any of the repository collections is not permitted, except that 
material may be duplicated by you for your research use or educational purposes in electronic or 
print form. You must obtain permission for any other use. Electronic or print copies may not be 
offered, whether for sale or otherwise to anyone who is not an authorised user. 

 

Carbon nanotube field-effect devices with asymmetric electrode configuration by
contact geometry

Yotprayoonsak, Peerapong; Talukdar, Deep; Ahlskog, Markus

Yotprayoonsak, P., Talukdar, D., & Ahlskog, M. (2014). Carbon nanotube field-effect
devices with asymmetric electrode configuration by contact geometry. Journal of
Applied Physics, 115(21), Article 214302. https://doi.org/10.1063/1.4880955

2014



Carbon nanotube field-effect devices with asymmetric electrode configuration by
contact geometry
P. Yotprayoonsak, D. Talukdar, and M. Ahlskog 
 
Citation: Journal of Applied Physics 115, 214302 (2014); doi: 10.1063/1.4880955 
View online: http://dx.doi.org/10.1063/1.4880955 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/115/21?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Advantages of flattened electrode in bottom contact single-walled carbon nanotube field-effect transistor 
Appl. Phys. Lett. 105, 093506 (2014); 10.1063/1.4893748 
 
Carbon nanotube photovoltaic device with asymmetrical contacts 
Appl. Phys. Lett. 94, 263501 (2009); 10.1063/1.3136905 
 
Field-effect modulation of contact resistance between carbon nanotubes 
Appl. Phys. Lett. 91, 133515 (2007); 10.1063/1.2790805 
 
Carbon nanotube Schottky diode and directionally dependent field-effect transistor using asymmetrical contacts 
Appl. Phys. Lett. 87, 253116 (2005); 10.1063/1.2149991 
 
n -type carbon nanotube field-effect transistors fabricated by using Ca contact electrodes 
Appl. Phys. Lett. 86, 073105 (2005); 10.1063/1.1865343 
 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

130.234.75.141 On: Mon, 04 Jan 2016 11:37:30

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/602392723/x01/AIP-PT/JAP_ArticleDL_112515/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=P.+Yotprayoonsak&option1=author
http://scitation.aip.org/search?value1=D.+Talukdar&option1=author
http://scitation.aip.org/search?value1=M.+Ahlskog&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4880955
http://scitation.aip.org/content/aip/journal/jap/115/21?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/105/9/10.1063/1.4893748?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/26/10.1063/1.3136905?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/13/10.1063/1.2790805?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/87/25/10.1063/1.2149991?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/86/7/10.1063/1.1865343?ver=pdfcov


Carbon nanotube field-effect devices with asymmetric electrode
configuration by contact geometry

P. Yotprayoonsak, D. Talukdar, and M. Ahlskoga)

Department of Physics, Nanoscience Center, University of Jyv€askyl€a, P.O. Box 35, FI-40014 Jyv€askyl€a,
Finland

(Received 4 March 2014; accepted 19 May 2014; published online 2 June 2014)

We have studied experimentally the conductive properties of single walled carbon nanotube

(SWNT) based field-effect type devices, with different contact geometries at the connecting

electrode. The device designs are asymmetric with one end of the SWNT having the metal

electrode deposited on top and immersing it, while at the other end, the SWNT is on top of the

electrode. The devices were made with either gold or palladium as electrode materials, of which

the latter resulted in different behavior of the different contact types. This is argued to be caused by

the existence of a thin insulating layer of surface adsorbents on the palladium, possibly Pd5O4, the

effect of which is enhanced by the 1D nature of the contact area in the configuration with SWNT

on top of electrode. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4880955]

INTRODUCTION

The extensive experimental research on field-effect tran-

sistors and other devices, based on individual single walled

carbon nanotubes (SWNT-FET), contain as an essential ele-

ment the issue of satisfactory and suitable connecting micro-

electrodes. As the fabrication techniques have progressed

and settled into proven procedures, the prevailing technique

has been deposition of a noble metal on top of the nanotubes.

Palladium (Pd) has for some time now1 been the metal of

choice for contacting carbon nanotubes, since it wets the

nanotube well and has a work function that, if problems

related to contamination of the SWNT surface are addressed

well, yields a low resistive ohmic contact.

However, the superb mechanical and chemical proper-

ties of carbon nanotubes enable other solutions, as were

employed already in the early years of nanotube research.

Contacts to individual tubes were fabricated either by depo-

sition of nanotubes randomly on top of pre-fabricated gold

electrodes (Au)2 or by depositing nanotubes first and then

fabricating gold contacts directly on top of them. Note that

the geometries of the nanotube-electrode contacts in these

two different methods, which we henceforth call “line” and

“embedded” contacts, are in principle radically different,

which is illustrated in Fig. 1(a); in the line contact, the nano-

tube on top of the metal electrode makes a contact only along

a line (black dashed line), if we ignore factors such as flatten-

ing and elasticity of the metal surface, while in the embedded

contact, the nanotube surface is nearly completely interfaced

by the metal of the electrode. Therefore, the difference of

these two types of contact corresponds to that between 1D

and 2D contact interfaces, although the distinction in this

case is blurred due to the 1D character of the SWNT itself.

Moreover, the line contact is much more exposed than the

embedded type to the ambient environment of the device.

The experimentally verifiable differences between con-

tacts of the type describe above, line contact vs. embedded

contact, has not been explored previously. Combining them

in the same nanotube would yield devices asymmetric via

their contact geometry. In an earlier contribution, we studied

the conductive properties of an asymmetrically contacted

nanotube device where one end of the tube had a line contact

with tunneling via the native oxide of a non-noble metal

electrode.3 However, due to the dominance of the tunneling

barrier, this work did not really address the aforementioned

difference between contact types.

There has been substantial work on a number of related

topics: One is that on asymmetrically contacted SWNT-

FET’s having two different metal electrodes as embedded

contacts.4–6 The driving motivation has been the possibility

FIG. 1. (a) Illustration of different types of nanotube-metal contacts. Line

contact: nanotube on top of electrode. Embedded contact: metal deposited on

top of and covering the nanotube. (b) The SWNT-FET design with asymmet-

rically (ASY) and symmetrically (SYM) contacted sections. (c) AFM image

of an actual device used in the experiments. Upper electrode pair forms the

SYM section and the lower the ASY section. SWNT diameter is 2.9 nm. The

square indicates the area that forms the close up image (d) (size 1 lm), of the

line contact part of the ASY section, with SWNT on top of electrode.

a)Author to whom correspondence should be addressed. Electronic mail:

markus.e.ahlskog@jyu.fi.
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to choose the different metals so that their work functions

match the valence and conduction bands at either end of the

SWNT-FET. This configuration then results in Schottky bar-

rier controlled diode behavior in semiconducting SWNT

devices, and, subsequently, numerous device and circuit

applications.7,8 A recent development of particular interest

for fundamental research has been the emergence of techni-

ques for CVD-growth in situ of SWNT’s on top of specially

prepared electrodes (e.g., Pt/W),9 which results in exception-

ally clean nanotubes. Another closely related topic in very

recent years is that on devices with carbon nanotube-

graphene junctions,10,11 which corresponds to the concept of

a line junction. A low resistive contact between a metallic

SWNT and graphene was presented in Ref. 10.

By and large, neither contact type, line or embedded,

has been utilized for their intrinsic qualities. Rather, the

choice has been governed for reasons of convenience or util-

ity not directly related to the contact type. The embedded

contact type has been mostly used due to ease and repeatabil-

ity of fabrication and the matching of work functions.

However, the line contact is potentially very interesting for

some characteristic properties, where perhaps the prime one

is the full exposure of the contact to the ambient, which natu-

rally is appealing for sensor applications.

In this work, we forward the concept of device asymme-

try via contact geometry, with a device design shown in

Fig. 1(b), consisting of one line contact and two embedded

contacts, which make up for one asymmetric and on sym-

metric section. We have investigated basic conduction prop-

erties in such SWNT devices. As electrode metals we have

used Pd and Au (separately, that is), which are both counted

as noble metals. The asymmetric device design gives us the

opportunity to investigate the differences and particular

properties of the contact types.

EXPERIMENTAL

Figure 1(b) shows schematically the typical SWNT-FET

device design used in this experiment, with two embedded

and one line contact. The pairwise distribution of these

divide the SWNT into two sections, acronymically called

“ASY” and “SYM” sections, referring to asymmetric and

symmetric, respectively. The ASY section has, as illustrated

with Figures 1(a) and 1(b) together, one line contact and one

embedded contact, while the SYM section consists of two

embedded contacts. The devices were fabricated on a highly

doped silicon (Si) wafer with 500 nm of thermally grown

SiO2, acting as an insulator between the SWNT and the Si

backgate electrode. Devices were made with either Pd or Au

as the metal of the electrodes. Two steps of e-beam lithogra-

phy were required for the fabrication. In the first step, the

electrodes for the line contact in Fig. 1(b) were fabricated

with a thickness of 20 nm. Next, SWNT (NanoCyl S.A.) sus-

pension in dichloroethane was spin-coated onto the chip.

Atomic force microscopy (AFM) was used to locate such

SWNT’s which had one end on top of these metal electrodes.

Figure 1(d) shows a close-up AFM image of a typical such

SWNT end. Then, e-beam lithography was again employed

to pattern the electrodes which make up the embedded

contacts in Fig. 1(b). The last metallization was carried out

to create these on-top electrical contacts with a thickness of

20 nm. Figure 1(c) shows an AFM image of a completed

SWNT-FET device. The electronic measurements of all

SWNT-FET’s were performed in ambient condition and in a

rough vacuum (� 0.01 mbar) at room temperature, as well as

at 4.2 K. The source-drain potential of VDS¼ 10 mV was

kept fixed while the backgate potential (VG) was swept, typi-

cally in the voltage range �15 V…þ15 V. For measurements

of temperature dependence, the devices were slowly cooled

down to 4.2 K with a dip-stick cryogenic setup.

RESULTS

Figure 2 shows for two Pd-based devices the current I

vs. gate voltage VG characteristics (I(VG)) of both ASY and

SYM sections, measured at 300 K and 4.2 K. Figure 2(b) also

shows more closely the temperature dependence of the I(VG)

of the SYM section. The device of Fig. 2(a) is semiconduct-

ing, with a strong transport gap with ON/OFF ratio by more

than 2-3 orders of magnitude at 300 K, while in the other de-

vice (Fig. 2(b)), the transport gap opens up in earnest only

upon cooling to low temperatures. In both cases, it can be

observed that the ON-state current of the ASY section is sig-

nificantly smaller than the ON-state current of the SYM sec-

tion, by approximately 1 order of magnitude. The

corresponding room temperature resistances are in the ranges

200–300 kX and 1–3 MX, for the SYM and ASY sections,

respectively. At the lowest temperatures, Coulomb

blockade-type oscillations of I(VG) appears.

In Figure 3, is shown for a typical Pd-contacted device

the drain-source current-voltage I(VDS) characteristics, meas-

ured at 300 K and 4.2 K, while the backgate potential was

kept neutral (VG¼ 0 V). The I(VDS) relations of both ASY

and SYM configurations are linear at 300 K, whereas being

non-linear at 4.2 K. Interestingly, while the SYM configura-

tion displays a roughly symmetrical I(VDS) characteristics, it

is strongly asymmetrical in the case of the ASY section.

Figure 4 displays the results for two Au-contacted

SWNT-FET’s, on which I(VG) characteristics were measured

at 300 K and 4.2 K. The room temperature ON-state resistan-

ces vary in the range 15–500 kX, and for both devices, and

both SYM and ASY sections, the conductance exhibits almost

no gate modulation. Here, and in other Au-based devices, as

FIG. 2. The drain-source current I vs. gate voltage VG (I(VG)) of two

Pd-contacted SWNT-FET devices measured at different temperatures. Both

devices have SYM (black) and ASY (red) sections as defined in Fig. 1(b).

(a) I(VG) measured at 300 K (upper curves) and at 4.2 K (lower) (b) I(VG) of

ASY section measured at 255 K, and of SYM section at 245, 190, 155, 97,

36, 4.2 K (in order from upper to lower).
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opposed to the case with Pd-devices, no systematical depend-

ence on the type of contact is observed. For example, in the

device of Figure 4(a), the ASY section is more conductive

than the SYM section, while in Figure 4(b), the reverse is the

case. Again, the Coulomb-type oscillations of current are

prominent at low temperatures in both samples.

Finally, the sensitivity of the ASY and SYM contacted

Pd-based devices to air has been monitored in ambient and

vacuum (�0.01 mbar) conditions. Figure 5 shows the results

for 6 devices. It is clearly seen that in all SWNT-FET’s the

ASY sections are more resistive, and in nearly all devices

the ASY sections are more sensitive than the SYM sections

to the presence of air. The resistance always decreases as air

is brought to the devices.

DISCUSSION

Before discussing those effects that stem from the asym-

metric contact configuration, we briefly give a general analy-

sis of the transport properties. The room temperature ON-

state resistance values for the Pd- and Au-based devices are

in the range 10 kX-1 MX. We obtain in the best case, for an

ASY section in an Au-device, a resistance which is close to

the limit of ballistic resistance to SWNT’s, h/4e2¼ 6.5 kX,

while in general, the resistance can be up to two orders of

magnitude higher. From the gate voltage controlled conduc-

tivity and its temperature dependence, we can deduce for cer-

tain samples a strong semiconducting behavior stemming

from a sizable energy gap, as for the device of Fig. 2(a). But

in the majority of samples, both Au- and Pd-based devices,

there was weak gate modulation at room temperature together

with a strong temperature dependence and domination of

irregular Coulomb blockade-type conductance oscillations in

the gate conduction at low temperatures, as in the samples of

Figs. 2(b) and 4(a), 4(b). This latter type of behavior, and the

large range of resistances, can be assigned to metallic or

small-gap SWNT’s which form multiple quantum dots

between the connecting electrodes of the SWNT device. In

both cases, we observe p-type gate controlled conductivity,

which is typical to Pd-contacted single SWNT devices. These

features are well known from previous work on single SWNT

devices.12 We next proceed to the main topic of this work.

The results clearly indicate that the ASY section, and by

implication the line contacts, of Pd-based devices have a

reduced electrical conductance compared to the ordinary

SYM configuration, while for Au-based devices no such sys-

tematic difference was observed. The large range of resistan-

ces may imply that uncontrolled contamination give some of

our contacts a rather small transmissivity, but the consistently

higher resistance for the ASY sections of the Pd-devices in

Fig. 5 strongly point towards an inherent cause for this.

The difference between Pd and Au as line contacts can

be sought from the surface oxidation or adsorption properties

of these metals. Both are considered noble metals in the

most commonly used definition. However, for example, it is

known that Pd adsorbs in UHV condition molecular surface

layers from the ambient much more readily than does Au.13

Several studies have found the emergence of 2D layers of

Pd5O4 at modest temperatures and under the presence of ox-

ygen environment.14–16 We therefore believe that an atomi-

cally thin insulating layer of palladium oxide or some other

substance is formed at the surface of Pd electrodes during

the fabrication of the SWNT-devices. Note that the litho-

graphic fabrication process of the Pd electrodes include bak-

ing steps at � 100 �C. However, the thickness is very small,

the layer is decisively thinner than the native oxide layer of

non-noble metals like Al, Ti, etc., and in many more ordi-

nary circumstances not even detectable, unlike the latter

which are readily apparent as insulating surface coatings.

Conceivably, we see two factors at play in the resistance

of the Pd line contacts. First, the line contact is close to 1D

in nature, as discussed in the introduction, and thus has a

lesser effective contact “area,” than the embedded contact.

Second, the molecularly thin insulating layer at the surface

of Pd can easily exist between the Pd and the SWNT in the

FIG. 4. The drain-source current I vs. gate voltage VG of two Au-contacted

SWNT-FET devices. The ASY (red) sections were measured at 300 K, and

the SYM (black) at 300, 65, and 6 K (in order from upper to lower).

FIG. 5. Resistance at ON-state of asymmetric (ASY, wide bars) and sym-

metric (SYM, narrow bars) sections of Pd-based SWNT devices, measured

at 300 K in ambient and vacuum conditions. Device Nr. 3 has exceptionally

two ASY sections.

FIG. 3. I(VDS) characteristics (at VG¼ 0 V) of the SYM (black) and ASY

(red) sections of the Pd-based SWNT device shown in Fig. 1(d), measured at

300 K and at 4.2 K.
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line contact, but it’s presence at all in the nanotube-Pd inter-

face of the embedded contact is questionable. But even if it

does exist, the much larger interface area in the embedded

contact geometry compared to the line contact geometry,

makes it very likely to have much lesser influence in the for-

mer. We thus postulate that the ASY section of Fig. 1(b), for

Pd devices, which structurally is asymmetric, is electroni-

cally asymmetric for charge transport due to the thin insulat-

ing layer of the Pd electrode surface on the left side.

Moreover, we propose that the geometry of the line contact

is crucial for the exceedingly thin insulating layer to have an

effect on the charge transport.

We can then discuss our measurements with this model

in mind. The very residual thickness means that the insulat-

ing layer on Pd is a true tunneling barrier, without an inher-

ent temperature dependence. The results seemingly support

this conclusion as the temperature dependence of the ASY

and SYM sections are rather similar. A low resistance of the

palladium oxide tunneling resistance is also supported by the

fact that it’s energy gap is only around 1 eV.17 The tunneling

barrier is manifested in the I(VDS) curves of Fig. 3, where

the asymmetry becomes apparent at low temperatures, in

that the ASY section I(VDS) curves are strongly asymmetric,

while the corresponding SYM sections are symmetric. The

voltage and current range where this asymmetry is signifi-

cant is quite limited compared to the case with what has

been reported for the conventional asymmetric SWNT devi-

ces made from different contact metals.4–6

The results presented in Fig. 5 showed that the ASY sec-

tions of all Pd-based SWNT-FET devices are less resistive in

the presence of air, while the SYM sections typically show

little difference in resistance to whether the ambient is air or

vacuum. Air sensitivity has also been observed, for example,

in Ref. 18 for SWNT films. Based on previous experience in

air, the reactive component is oxygen and the effect of nitro-

gen is negligible.3,18 Upon O2 exposure and adsorption, its

electron-withdrawing power causes the doping of SWNTôC
¸
s

with hole carriers,19 which then should affect equally the

resistances of ASY and SYM sections. As this is not so, one

assumes the sensitivity of the line contact in particular to the

air exposure, given the previously noted radically different

susceptibility to the ambient of the line contact, compared to

the embedded one.

The work functions of Pd and SWNT, are 5.22–5.6 eV

(Ref. 20) and 4.9 eV (Ref. 6), respectively. Oxygen doping

of carbon nanotubes results in an increase of its work func-

tion.3,19 Assuming that the work function of Pd is not

affected significantly by the oxygen, then the work function

difference between Pd and the SWNT would decrease, which

would roughly explain the increased conductance in air com-

pared to vacuum. It is very well conceivable that an optimi-

zation of this kind of line contacts, e.g., with

functionalization of either the metal or nanotube surfaces,

could yield a very good sensitivity of it as a gas sensor.

SUMMARY

In summary, we have explored the basic conduction

properties of asymmetrically contacted SWNT devices, with

line and embedded contact types, that are well known, but

the differences of that have not been properly explored

before. With Pd as the electrode material, the asymmetric

section has a substantially higher resistance, exhibits asym-

metric I-VDS characteristics, and enhanced sensitivity to oxy-

gen in its environment. This is seen as a consequence of a

molecularly thin insulating surface layer on the line contact,

possibly Pd5O4 formed at the interface between Pd and the

SWNT. It is also argued that the effect of this molecular

layer on the contact resistance is accentuated by the one

dimensional nature of the line-type contact. Line contacts, as

described here, utilize the unique mechanical strength and

chemical inertness of SWNT’s and are promising for further

studies in niche applications such as nanoscale gas sensors.

These results should be of interest both for fundamental stud-

ies on the character of the electronic contact between metal

electrodes and nanotubes and for various applications.
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