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Carbon nanotubes are considered as alternative channel material for future transistors, but several

challenges exist for reliable fabrication of these devices. In this work, carbon nanotube field-effect

transistors (CNTFETs) were fabricated by patterning of Pt contacts using a combination of electron

beam induced deposition and area-selective atomic layer deposition (ALD). This bottom-up tech-

nique eliminates compatibility issues caused by the use of resist films and lift-off steps. Electrical

characterization of a set of 33 CNTFETs reveals that using this direct-write ALD process for Pt pat-

terning yields improved contacts as compared to evaporated Pt, most likely due to improved wetta-

bility of the contacts on the carbon nanotube. Moreover, these CNTFETs can be characterized as

unipolar p-type transistors with a very low off-state current. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4973359]

With Moore’s scaling of silicon-based CMOS slowing

down,1 a high mobility material needs to be introduced for the

transistor channel to reduce short-channel effects.2 Carbon

nanotube field-effect transistors (CNTFETs) have been

explored as an alternative for over a decade, motivated by

superior ballistic transport properties and the ultrathin nature

of the carbon nanotube.3–7 Recent progress in growth, purifi-

cation, and placement of carbon nanotubes demonstrates that

the main hurdles for using carbon nanotubes in semiconductor

applications are surpassable.8–12 However, many challenges

for reliable fabrication of CNTFETs still remain.

Conventionally, CNTFETs are fabricated by patterning

metallic contacts on single-walled carbon nanotubes in a lift-

off approach using photo- or electron beam lithography

(EBL). There are several issues associated with the use of

lithography and lift-off steps for contacting carbon nano-

tubes. The typical polymer resists used in lithography

strongly adhere to the surface of carbon-based materials,

which makes it extremely difficult to remove the resist resi-

due afterwards.13–15 The residue can alter the contact resis-

tance as well as the electrical characteristics of the channel

material.14,16 Furthermore, the adhesion of a metal contact

on the inert surface of a carbon nanotube is generally poor.17

The contact can therefore delaminate during lift-off, and this

undesired effect can significantly lower the device yield.

Delamination is typically prevented by the deposition of a

thin Ti adhesion layer underneath the contacts.18 However,

the work-function of the Ti deviates from what is desired for

ohmic contacts,19 which affects the performance of the

CNTFET. Evidently, there are several challenges for reliable

nanomanufacturing of CNTFETs.

Previously, we have introduced a bottom-up method for

the patterning of metallic structures based on atomic layer

deposition (ALD).20–22 This so-called direct-write ALD
approach combines area-selective ALD23,24 with the direct-

write patterning technique of electron beam induced deposi-

tion (EBID)25,26 as illustrated in Fig. 1. Although EBID has

been used to fabricate carbon nanotube-based devices, such

as pressure sensors,27 this technique is not suitable for fabri-

cating high-quality CNTFETs due to the poor material qual-

ity that is typically obtained by EBID (purity of only 15 at.

% Pt with the remainder being amorphous carbon).28 In the

two-step direct-write ALD method, an ultrathin seed layer is

patterned by EBID, followed by area-selective ALD growth

on the seed layer pattern. The direct-write character of this

technique completely eliminates the need for resist films or

lift-off steps. The absence of resist residue may give a lower

contact resistance and a higher carrier mobility in the carbon

nanotube channel. Moreover, the elimination of the lift-off

step improves the device yield by avoiding delamination

issues.

In addition to the merits described above, contact metalli-

zation by ALD is already interesting in itself, and has not

been studied before. The quality of electrical contacts to car-

bon nanotubes is known to be determined by the work func-

tion of the contact material, as well as by the wetting

interaction of the material on the carbon nanotube.19,30 Metals

with a high work function, such as Pd (5.1 eV) or Pt (5.7 eV),

should form ohmic contacts to carbon nanotubes because the

Fermi level of the metal is in the valence band of the carbon

nanotube. This has been demonstrated for Pd, resulting in

transistors with ballistic charge transport.31 However, a lower

performance has been reported for Pt contacts,29,32,33 which

has been attributed to a poor wetting of the Pt on the carbona)Electronic addresses: a.j.m.mackus@tue.nl and a.a.bol@tue.nl
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nanotube.31,34 Contacts deposited by ALD may result in a bet-

ter wetting interaction with the carbon nanotube surface due

to the chemical nature of the ALD technique.

In this work, CNTFETs were fabricated by using direct-

write ALD of Pt for the deposition of contacts to the carbon

nanotubes. A set of 33 devices was electrically characterized

and compared to CNTFETs prepared with the conventional

fabrication scheme. CNTFETs were fabricated in back-gate

geometry using p-doped Si substrates covered with a 10 nm

thermal SiO2 dielectric. Carbon nanotubes synthesized by

laser ablation (1–3 lm long, 0.5–1.5 nm diameter) were puri-

fied35 and dispersed on these substrates. The source and

drain contacts were patterned by Pt EBID using an electron

dose of 15 pC/lm2, and thickened by 1000 cycles of Pt ther-

mal ALD. This leads to contacts of �45 nm thick when

assuming a nominal growth rate of 0.045 nm/cycle. In addi-

tion, a reference sample was prepared using the conventional

fabrication approach, i.e., by electron beam lithography

(EBL) in PMMA resist and evaporation of Ti/Pd/Au contacts

(0.5 nm Ti, 15 nm Pd, 15 nm Au). The source and drain con-

tacts on both samples were patterned 300 nm in width in order

to exclude short contact length effects in the analysis,36 and

were defined with a channel length of 300 nm. The samples

were kept in vacuum during the electrical characterization.

Figure 2(a) depicts a top-view scanning electron micros-

copy (SEM) image of a contact pattern fully prepared by

direct-write ALD. The zoomed-in image in Fig. 2(b) shows

the Pt lines that form the source and drain contacts of the

CNTFET devices. A cross-sectional transmission electron

microscopy (TEM) of such a contact is shown in Fig. 2(c).

Interestingly, it does only show a dense Pt layer, and no sep-

arate layer at the interface with the thermal SiO2 originating

from the EBID seed layer. More specifically, the large grain

at the left side of the TEM image extends all the way to the

interface with the SiO2 dielectric, without being interrupted

by an additional interface. This confirms that the initial

EBID seed layer was extremely thin and may have been puri-

fied during ALD, as discussed in detail in previous work.22

The thickness of the contact is �35 nm, which is thinner

than expected based on the number of ALD cycles, sugges-

ting that the ALD growth initiated after a short nucleation

delay.22

The CNTFET devices were electrically characterized to

evaluate the contact quality (see Fig. S1 in the supplementary

material for a SEM image of this sample). Figure 3(a) shows

five representative transfer characteristics (Vds¼�0.5 V) of

CNTFETs with Pt direct-write ALD contacts. All the 33 devi-

ces perform as p-type transistors with Ion/Ioff ratios of

104–107. The contact quality was evaluated by determining

the on-current of these 33 CNTFETs for a gate overdrive of

0.5 V (Vgs¼Vth � 0.5 V). Figure 3(b) depicts the on-current

distribution, showing the percentage of devices in every

decade in on-current. The graph reveals that the on-current

distribution of the CNTFETs with Pt direct-write ALD con-

tacts is comparable to the distribution for conventionally fab-

ricated Ti/Pd/Au contacts, which indicates a similar contact

quality. About half of the devices have an on-current in the

0.1–1 lA decade, one-third in the 10�2–0.1 lA decade, and

12% in the 1–10 lA decade. The on-current distribution is

also very similar to the data presented in a previous study

with Pd contacts in a comparable device geometry.19 Please

note that carbon nanotubes with diameters in the range of

0.5–1.5 nm were used (and therefore with different bandg-

aps), which explains the variation in device performance.

FIG. 1. Schematic representation of

the patterning of source and drain con-

tacts on a nanotube by direct-write

ALD. A thin seed layer is patterned by

electron beam induced deposition

(EBID). Subsequently, the pattern is

thickened by area-selective atomic

layer deposition (ALD).

FIG. 2. (a) and (b) Top-view scanning

electron microscopy (SEM) images of

a contact pattern synthesized by direct-

write ALD of Pt. (c) Dark field cross-

sectional TEM (HAADF) image of a

Pt direct-write ALD contact.
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The performance uniformity of CNTFET devices is predomi-

nantly determined by intrinsic properties of the carbon nano-

tube (e.g., differences in diameter and defect densities), and

much less by variation in the contacts. The direct-write ALD

approach is compatible with the strategy of including multi-

ple carbon nanotubes in a device in order to improve the uni-

formity of device performance.29

As mentioned earlier, evaporation of Pt is known to

result in contacts of poor quality.32,33 The unparalleled high

contact quality obtained in this study for Pt as the contact

material suggests that direct-write ALD provides Pt that has

a better wetting interaction with the carbon nanotube as com-

pared to Pt deposited by evaporation. This is surprising when

considering that Pt ALD initiation on carbon nanotubes has

been reported to be challenging.37–39 However, EBID of Pt

has been achieved on carbon nanotubes in several stud-

ies.27,40 The microstructure of the EBID seed layer consist-

ing of Pt grains embedded in amorphous carbon41 most

likely plays an important role in the nucleation of Pt ALD

on the carbon nanotube. The Pt grains catalyze the surface

reactions of Pt ALD growth,22,42 while the carbon sticks

more easily to the surface of the carbon nanotube than Pt

thereby facilitating the wetting. Alternatively, it could be

that Pt growth only occurs on the SiO2 surface and that the

carbon nanotube is eventually “buried” in the deposited Pt

by spill-over of the growth from the SiO2 surface.43 If this is

the case, ALD is still expected to yield a contact that nicely

follows the contours of the carbon nanotube, due to the

excellent conformality of the technique. In the same way,

ALD of HfO2 dielectric layers on carbon nanotubes has been

reported to lead to CNTFETs with excellent performance,33

even though the growth of the dielectric relied on the spill-

over of the HfO2 deposited on the SiO2 substrate.33,43

The transfer characteristics of Fig. 3(a) show an off-

state behavior that deviates from what is observed for the ref-

erence dataset (see Fig. S2 in the supplementary material).

The reference CNTFETs with conventionally fabricated Ti/

Pd/Au contacts can be described as ambipolar transistors

with a significant current in the n-branch of the I–V curve,

similar to the data previously reported in the literature.5,36,44

FIG. 3. (a) Five representative transfer characteristics from the set of 33 CNTFETs fabricated using direct-write ALD of Pt. (b) and (c) Comparison between

the (b) on-current (at Vgs¼Vth � 0.5 V) distributions and (c) n-branch current (at Vgs¼Vmþ 3.0 V with Vm at the minimum current) distributions, for

CNTFETs with Pt direct-write ALD contacts and conventionally fabricated Ti/Pd/Au contacts. (d) and (e) Energy level diagrams for CNTFETs operated at

Vgs> 0 and Vds< 1 V with (d) Pd contacts and (e) Pt contacts. The Schottky barrier for electron injection into the conduction band is higher when using Pt as

the contact material due to the higher work function of Pt.
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Figure 3(a) suggests that CNTFETs with direct-write ALD Pt

contacts are better described as unipolar transistors with a

lower current for Vgs> 0. It should be noted that for the appli-

cation of p-type CNTFETs in integrated circuits, it is desir-

able to suppress the n-branch as much as possible to reduce

the power dissipation in the off-state. Figure 3(c) shows a

comparison of the n-branch current (at Vgs¼Vmþ 3.0 V with

Vm at the minimum current) determined for the two datasets.

This graph reveals that the n-branch current distribution is

shifted three orders of magnitude in current, which clearly

illustrates the significantly reduced n-branch current for

CNTFETs fabricated using the Pt direct-write ALD.

The current in the n-branch of the I-V curve is known to

depend on the carbon nanotube diameter, the equivalent

oxide thickness (EOT), as well as the work function of the

contact material. The same source of carbon nanotubes and

the same substrates (with 10 nm SiO2 dielectric) were used

for the two datasets, ensuring that the difference is caused by

the contacts. This leaves two main differences between the

two types of CNTFETs that could be responsible for the dif-

ferences in off-state behavior: (i) the absence of resist resi-

due or (ii) the contact material employed (Pt vs. Ti/Pd/Au).

The unipolar character of the direct-write ALD synthesized

CNTFETs could be due to a higher work function of the Pt

contact, caused by the use of Pt (5.7 eV instead of 5.1 eV for

Pd) and/or the absence of resist residue and Ti at the inter-

face. A higher work function theoretically leads to a higher

Schottky barrier for electrons (see Figures 3(d) and 3(e)),

which translates into a lower current in the n-branch of the

transfer characteristic. The precise work functions of the

direct-write ALD Pt and the evaporated Ti/Pd/Au contacts

will be measured in future experiments.

In principle, a higher work function should also give a

lower Schottky barrier for holes, and result in a higher on-

current. However, an on-current distribution similar to the

Ti/Pd/Au contacts was observed (Fig. 3(b)), which suggests

that the wetting interaction of the Pt synthesized by direct-

write ALD is not as good as the wetting interaction of the

evaporated Ti/Pd/Au, although it is significantly improved as

compared to evaporated Pt. In other words, the combined

effect of the higher work function of Pt and a moderate wet-

tability gives an on-current distribution for the Pt direct-

write ALD contacts that is similar to the conventional Ti/Pd/

Au contacts. It is important to note that the direct-write ALD

process was only optimized to enable patterning of contacts

with targeted dimensions, and not for the deposition of mate-

rial with a good wetting interaction on the carbon nanotube.

Assuming that direct-write ALD results in Pt growth on the

carbon nanotube itself, it may be possible to improve the

wetting interaction by, for example, using a slightly thicker

EBID seed layer. This potentially leads to Pt contacts that

outperform the state-of-the-art Pd contacts.

In summary, we studied the fabrication of CNTFETs

using a combination of EBID and ALD for the patterning of

the source and drain contacts. From electrical characteriza-

tion of a set of 33 devices, it is deduced that direct-write

ALD of Pt yields contacts with a better wetting interaction

on the carbon nanotube as compared to Pt deposited by other

means. The CNTFETs can be described as unipolar p-type

transistors with a reduced current in the off-state, which is

likely due to the higher work function of Pt. The resist-free

patterning of direct-write ALD potentially gives a lower con-

tact resistance and a higher mobility of charge carriers due to

the absence of resist residue, which will be studied in more

detail in future experiments.

See supplementary material for additional information

about the CNTFETs prepared by direct-write ALD, and for

transfer characteristics from the reference dataset.
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